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Abstract
Plasmonics could bridge the gap between photonics and electronics at the nanoscale,
by allowing the realization of surface-plasmon-based circuits and plasmonic chips in the
future. To build up such devices, elementary components are required, such as a passive
plasmonic lens to focus free-space light to nanometre area and an active plasmonic modu-
lator or switch to control an optical response with an external signal (optical, thermal or
electrical). This thesis partially focuses on designing novel passive and active plasmonic
devices, with a specific emphasis on the understanding of the physical principles lying
behind these nanoscale optical phenomena.
Three passive plasmonic devices, designed by conformal transformation optics, are
numerically studied, including nanocrescents, kissing and overlapping nanowire dimers.
Contrary to conventional metal nanoparticles with just a few resonances, these devices
with structural singularities are able to harvest light over a broadband spectrum and fo-
cus it into well-defined positions, with potential applications in high efficiency solar cells
and nanowire-based photodetectors and nanolasers. Moreover, thermo-optical and electro-
optical modulation of plasmon resonances are realized in metallic nanostructures integra-
ted with either a temperature-controlled phase transition material (vanadium dioxide,
VO2), or ferroelectric thin films.
Taking advantage of the high sensitivity of particle plasmon resonances to the change of
its surrounding environment, we develop a plasmon resonance nanospectroscopy technique
to study the effects of sizes and defects in the metal-insulator phase transition of VO2 at
the single-particle level, and even single-domain level. Finally, we propose and examine the
use of two-dimensional metallic nanohole arrays as a refractive index sensing platform for
future label-free biosensors with good surface sensitivity and high-throughput detection
ability.
The designed plasmonic devices have great potential implications for constructing next-
generation optical computers and chip-scale biosensors. The developed plasmon resonance
nanospectroscopy has the potential to probe the interfacial or domain boundary scattering
in polycrystalline and epitaxial thin films.
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Chapter 1
Introduction
1.1 Preface
Renewed interest in plasmonics can be traced back to 1986 when Heinz Raether publi-
shed his book Surface Plasmons [1], in which he first systematically described the concept
of surface plasmons and their excitation schemes. Around 10 years later, inspired by
Ebbesen’s first experimental observation of extraordinary transmission through metallic
subwavelength hole arrays and Pendry’s first theoretical proposal of the diffraction-limit-
overcoming superlens made of a slab of negative refractive index material, surface plasmons
have recaptured considerable interest from both scientists and engineers due to their wide
range of potential applications [2–5]. This bloom of interest in surface plasmons has been
significantly stirred by three elements, the ready availability of state-of-the-art nanofa-
brication methods for implementing nanostructures, a wealth of high-sensitivity optical
characterization techniques and the rapid advance in computing power and speed for po-
werful numerical modeling [2]. These developments have led to the notion of plasmonics,
coined by Atwater’s group in 2001 [6], the science and technology of metal-based optics.
To date, plasmonics research has justified itself with great impact on many fields, including
photonics, biology, medicine, materials science, physics, chemistry and photovoltaics.
Plasmonics is a rapidly emerging sub-discipline of nanophotonics that studies the inter-
action of light with metal nanostructures at the nanoscale. It uses surface plasmons, which
are the light- or electron-beam-induced coherent oscillations of conduction electrons at the
interface between metal and dielectric materials. Their electromagnetic fields decay expo-
nentially into the direction perpendicular to the interface and have their maximum at the
interface, as is characteristic for many types of surface waves. Due to their enhanced optical
14
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near-field at a subwavelength scale and the strong geometry- and environment-dependent
optical response, surface plasmons have found a host of promising applications, including
solar cells (the absorption efficiency of which can be improved by using metallic nanostruc-
tures to trap the solar light into the active layer) [7], high-sensitivity spectroscopy (sur-
face ehanced Raman scattering [8] and surface enhanced infrared absorption-reflectance
microspectroscopy [9], both of which mainly take advantage of the large enhancement of
electromagnetical field due to surface plasmon excitations on the active substrates), sur-
face plasmon waveguides (which guide light on sub-wavelength scales) [5], imaging [10]
and sensing [11] as well as biophysical and biomedical applications of fluorescence [12].
1.2 Motivation
Today’s state-of-art optical interconnects such as optic fibers can carry digital data with a
capacity in excess of 1000 times that of electronic interconnects, but are about 1000 times
larger compared with electronic components. It is very difficult to combine optical and
electronic circuits on the same chip because of their size difference [13], where electronic
components such as ultrafast transistors can be fabricated at dimensions below 50 nm
while the wavelength of light used in photonic circuits is on the order of 1000 nm and is
limited by optical diffraction. An ideal solution would be to create a circuit with nanoscale
features that could carry optical signals and electronic currents. Due to their metal-based
surface-wave characters and strong subwavelength confinements, surface plasmons thus
become a promising candidate to provide the bridge between photonics and electronics at
the nanoscale and integrate their superior technical advantages on the same chip, named as
plasmonic circuits [14,15]. To build up such devices, elementary components are required,
such as a passive plasmonic lens to focus free-space light to nanometre area and an active
plasmonic modulator or switch to control an optical response thermo-optically or electro-
optically.
The other fascinating application of surface plasmons lies in real-time and label-free
biosensing by taking advantage of their sensitive optical response to the change of the
environment [16,17]. The conventional method employs attenuated total internal reflection
(ATR) in a prism-coupling system with very high sensitivity of refractive index change (on
the order of 10−6 or a wavelength shift of 0.02 nm) by a very precise angular measurement
(10−4 degree) [18]. However, the ATR setup usually requires a large amount of analyte
16 Chapter 1 Introduction
solution and its optical configuration makes it difficult to be integrated at a chip-scale,
such as DNA microarrays and protein microarrays. Periodic metallic nanohole arrays
have well-defined surface plasmon resonance that can be excited by free-space light with a
wavelength matching the period of the array. Such nanohole arrays are thus expected to be
used as chip-based label-free biosensors with good surface sensitivity and high-throughput
detection ability.
Motivated by these challenging but promising applications, this thesis partially focuses
on the development of plasmonic components, including novel lenses based on metallic
nanostructures capable of superfocusing of light to a nanoscale area, thermo-optical and
electro-optical modulators or switches and nanohole-array-based biosensors with extremely
high figure of merit. The work presented ranges from theoretical calculations, numerical
simulations to experimental investigations, with specific emphasis on understanding the
physics involved. We underline that the use of the nanostructures developed in this thesis
are not limited to the aforementioned applications, but can also be used for many other
purposes. Lenses with superfocusing effect, for example, are in fact excellent nanostruc-
tures for surface enhanced Raman scattering (SERS) and surface-enhanced absorption and
fluorescence applications as well as plasmonic solar cell devices.
As mentioned above, developing active plasmonic modulators or switches involves inte-
gration of metallic nanostructures with thermo-optically or electro-optically active media
such as phase transition materials and ferroelectric thin films. These active materials
themselves actually have very rich optical and electronic properties currently being ex-
plored extensively by both the physical and material science communities. The phase
transition mechanism in vanadium dioxide (VO2), for example, has been a long-running
debate over the roles played by lattice distortion and electron-electron correlations, both
theoretically [19] and experimentally [20, 21]. In recent years, effects of sizes, defects and
interfaces in VO2 phase transition has attracted much attention owing to the emerged
pronounced properties at the nanoscale [22, 23]. Motivated by these debates and recent
observations, we develop a plasmon resonance spectromicroscopy technique to study the
effects of sizes and defects in the metal-insulator phase transition of VO2 at the single-
particle level or even single-domain level.
On the other hand, it is well known that strain in single-crystal ferroelectric thin
films plays an important role in influencing their dielectric response [24, 25] and ferroe-
lectric transition temperature. There have been a number of reported observations of
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strain relaxation in ferroelectric thin films using reflection high-energy electron diffrac-
tion (RHEED) [26], high-resolution transmission electron microscopy (HRTEM) [27] and
high-resolution X-ray diffraction (HRXRD) [28]. Although these techniques are capable
of directly observing strain evolution in ferroelectric thin films at the nanoscale and even
at atomic level, they are unable to evaluate the effect of strain on the dielectric response
or optical constants. These, however, are the most important parameters for a number of
opto-electronic applications. In this thesis, we show that in addition to revealing the opti-
cal constants of the as-grown films, spectroscopic ellipsometry serves as a non-destructive
technique for extracting the strain profile of epitaxially-grown ferroelectric thin films.
1.3 Scope of the thesis
Chapter 2 will describe the theory background of surface plasmons and the electroma-
gnetic simulation codes, which are used to analyze resonant metallic nanostructures, as
well as experimental characterization techniques involved in this thesis. Surface plasmons
in planar metal systems and their excitation schemes will be reviewed from the perspec-
tive of classical electromagnetics and localized surface plasmons in metallic nanoparticles
and nanovoids will be briefly introduced. The basic principle of three different simulation
codes will be discussed and their performance will be compared in terms of the compu-
tation advantages and limitations. Subsequently, the optical characterization techniques
- single-particle dark-field spectroscopy and confocal spectroscopy are elaborated. A brief
introduction to the Fourier transform infrared spectroscopy (FTIR) and the spectroscopic
ellipsometry will also be made.
In chapter 3, plasmonic superfocusing effects will be numerically investigated in three
metallic nanostructures with structure singularities, working as passive plasmonic lenses,
designed by conformal transformation optics theory. We find that nanocrescents and
kissing-nanowires are capable of focusing light at an extreme subwavelength scale over a
wide wavelength range, resulting in a huge field enhancement at the focus. In contrast,
overlapping nanowires shows a geometry-controlled broadband response with a lower
bound cut-off frequency, which blue-shifts when the overlap distance increases.
One of the main topics for chapter 4 is dynamic modulation of surface plasmon pola-
riton (SPP) behavior in plasmonic structures integrated with thermo-optically or electro-
optically active dielectric layers. The modulation of localized surface plasmon resonance
18 Chapter 1 Introduction
(LSPR) in gold::vanadium dioxide hybridized nanostructures is demonstrated by thermally
cycling through a metal-insulator transition in VO2. The feasibility of electro-optical mo-
dulation of LSPR in Au nanodisks fabricated on barium strontium titanate (BSTO) ferroe-
lectric thin films will be numerically examined and initial results of evaluating electro-optic
effect in BSTO thin films by using spectroscopic ellipsometry will be presented. The other
theme of chapter 4 is the development of a plasmon-resonance-based spectromicroscopy
technique, which is used to study the effects of sizes and defects in the metal-insulator
phase transition of VO2, and the use of spectroscopic ellipsometry as an optical monitor
to probe strain relaxation in ferroelectric BSTO thin films and to assess the strain effect
on the film optical constants, which is crucial for active plasmonic devices and other opto-
electronic applications because they are highly dependent on the change of the dielectric
response in the films.
Extensive investigations of geometry-dependent surface plasmon lifetimes in 2D gold
hole arrays will be shown in chapter 5. We find that SPP lifetimes can be easily control-
led by designing different hole configurations. Since the spectrum linewidth is inversely
proportional to the mode lifetime, we can optimize the nanohole array geometry to have a
resonance with a very narrow linewidth beneficial for refractive index sensing applications.
The highest figure of merit (FOM) obtained for nanohole array based sensors in this work
is up to 100.
Chapter 6 presents studies of an interesting plasmonic system - nanopaticles interacting
with a metal film. We experimentally and numerically explore polarization-controlled
excitation of plasmonic modes in single Au nanospheres either inserted into or on top
of a gold film. Numerical simulations reveal that the two peaks of different linewidths
arising in the scattering spectra measured for a nanosphere partially embedded in the film
are linked to dipolar modes of different orientations and damping rates. On the other
hand, the scattering maxima for the geometry of a sphere on top of the film are originated
from highly confined gap modes at the particle-film interface featuring different azimuthal
characteristics that are consistent with recent theoretical studies by transformation optics.
The radiation properties of these plasmonic gap modes are studied through mapping the
scattered power into different solid angle ranges.
Chapter 7 will briefly summarize the work presented in this thesis and discuss different
perspectives and directions for future work.
Chapter 2
Theory, Simulation and
Experimental Techniques
In this chapter, we will describe the theory background of surface plasmons and the basic
principle of electromagnetic simulation codes and experimental characterization techniques
involved in this thesis. From the perspective of classical electromagnetics we derive the
surface plasmon polariton dispersions for planar metal systems and review their excitation
schemes. We also briefly introduce localized surface plasmons in metallic nanoparticles
and nanovoids. The basic principle of three different simulation codes will be discussed in
detail and their performance will be compared in terms of the computation advantages and
limitations. Subsequently, the optical characterization techniques - single-particle dark-
field spectroscopy and confocal spectroscopy are elaborated. A brief introduction to the
Fourier transform infrared spectroscopy (FTIR) and the spectroscopic ellipsometry will
be made in the end.
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2.1 Theory background
2.1.1 Surface plasmon polaritons at planar metal/dielectric interfaces
Surface plasmon excitations at planar metal/dielectric interfaces are characterized by their
dispersion and spatial profile. From the point of view of Maxwell’s equations, this chapter
derives the surface plasmon polariton dispersion relation of a triple-layer system (dielec-
tric/metal/dielectric) and then reduces that to a double-layer system (metal/dielectric).
III
II
I
d
0
z
x
Figure 2.1: Geometry of a triple-layer system consisting of a thin metal layer II sandwiched
between two semi-infinite dielectric layers I and III.
To determine the dispersion relation of SPP modes at a planar interface, we consider
a triple-layer system that consists of a thin metal film (0 < z < d) sandwiched by two
dielectric media (z < 0 and z > d) as shown in Fig. 2.1. In such a system, each interface
can sustain bound SPPs which cannot radiate into free space due to the wavevector mis-
match. Since SPP wave propagates along the interface (x direction) and decays from the
interface (z direction), we are only interested in transverse-magnetic (TM) modes excited
by a plane wave with z-incidence and x-polarization. The three components of magnetic
field, H(x, z, t), in three media can be written as
Hi,x(x, z, t) = 0 (2.1)
Hi,y(x, z, t) = hi,y(z)e
i(kxx−ωt) (2.2)
Hi,z(x, z, t) = 0, (2.3)
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where hi,y(z) is the y component amplitude of magnetic field in three media (i = 1, 2, 3).
The wave vector along the interface is defined as kx = k
′
x+ik
′′
x , which governs the dispersion
(k
′
x) and damping (k
′′
x) of SPPs. The corresponding hi,y(z) is given as
h1,y(z) = c1e
−ikz1z (z < 0) (2.4)
h2,y(z) = c2e
ikz2z + c
′
2e
−ikz2z (0 < z < d) (2.5)
h3,y(z) = c3e
ikz3z (z > d), (2.6)
where kzi is defined as k
2
zi = ǫik
2
0−k2x with k0 the wavevector in vacuum and ǫi the dielectric
function of each layer. c1, c2, c
′
2, and c3, are constants to be determined by boundary
conditions later. By using the Ampere-Maxwell law ∇×H = ǫ∂E∂t and ∂E∂t = (−iω)E, the
electric field E(x, z, t) can be determined as
Ei,x(x, z, t) = − i
ǫiω
∂Hi,y
∂z
(2.7)
Ei,y(x, z, t) = 0 (2.8)
Ei,z(x, z, t) =
i
ǫiω
∂Hi,y
∂x
. (2.9)
We then apply continuity boundary conditions for both fields at two interfaces, z = 0 and
z = d, resulting in four equations
c1 = c2 + c
′
2 (2.10)
−c1kz1
ǫ1
=
c2kz2 − c′2kz2
ǫ2
(2.11)
c2e
ikz2d + c
′
2e
−ikz2d = c3 (2.12)
c3kz3
ǫ3
=
c2e
ikz2d + c
′
2e
−ikz2d
ǫ2
. (2.13)
We rearrange the above four equations in a matrix format as follows

1 −1 −1 0
−kz1ǫ1 −
kz2
ǫ2
kz2
ǫ2
0
0 eikz2d e−ikz2d −1
0 kz2ǫ2 e
ikz2d −kz2ǫ2 e−ikz2d −
kz3
ǫ3


c1
c2
c
′
2
c3
 = 0.
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To obtain a unique solution, the coefficient matrix has to be zero so that

1 −1 −1 0
−kz1ǫ1 −
kz2
ǫ2
kz2
ǫ2
0
0 eikz2d e−ikz2d −1
0 kz2ǫ2 e
ikz2d −kz2ǫ2 e−ikz2d −
kz3
ǫ3
 = 0,
which defines the implicit dispersion relation of the SPP modes in the triple-layer system.
By defining γ2i = k
2
x − ǫik20 and kzi = iγi, the dispersion relation can be rewritten in a
simple form as follows
(ǫ1γ2 + ǫ2γ1)(ǫ2γ3 + ǫ3γ2)− (ǫ3γ2 − ǫ2γ3)(ǫ1γ2 − ǫ2γ1)e−2γ2d = 0. (2.14)
Taking Eq. 2.14 as a starting point, we then consider two particular cases, double-layer
system and dielectric/metal/dielectric (IMI) system. If the thickness of metal layer II is
much larger than the decay length of SPPs in metal, the triple-layer system reduces to
two double-layer systems, each of which consists of semi-infinite metal film bounded by
a semi-infinite dielectric layer. The dispersion relations of these two uncoupled SPPs are
given by the first term in Eq. 2.14 as follows
kx =
ω
c
√
ǫ1ǫ2
ǫ1 + ǫ2
(2.15)
kx =
ω
c
√
ǫ2ǫ3
ǫ2 + ǫ3
. (2.16)
In a IMI system, I and III are the same dielectric material and have the same dielectric
function, leading to ǫ1 = ǫ3 and thus k1 = k3. As a result, the dispersion relation Eq. 2.14
can be split into a pair of equations as follows
tanh(−γ2d
2
) = −γ1ǫ2
γ2ǫ1
(2.17)
tanh(−γ2d
2
) = −γ2ǫ1
γ1ǫ2
. (2.18)
This splitting of SPP modes is due to the fact that the plasmon oscillation fields of equal
frequency at the two interfaces in IMI system interact with each other and split up; the
thinner the metal layer, the more pronounced the splitting. In terms of the distribution of
charges at two interfaces, Eq. 2.17 describes modes with antisymmetric charge distribution
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(Ex(z) is even function, Ez(z) and Hy(z) are odd), while Eq. 2.18 describes modes with
symmetric charge distribution (Ex(z) is odd function, Ez(z) and Hy(z) are even). Figure
2.2 shows the dispersion relation of an air/silver/air triple-layer system for different silver
thickness calculated by Eqs. 2.17 and 2.18. As can be seen, the odd mode with a symmetric
charge distribution at two interfaces has a larger frequency than the even mode at the same
propagation constant due to the repulsive interaction of induced charges. In addition,
increasing the thickness of silver core reduces the coupling strength between SPP modes
at the two interfaces, leading to the degeneration of modes as shown by 100 nm silver core.
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Figure 2.2: Dispersion relation of the coupled odd (symmetric charge distribution) and
even (antisymmetric charge distribution) modes for an air/silver/air triple-layer system
with a metal core thickness of 100 nm (blue), 50 nm (green), 20 nm (red) and 10 nm (black).
Drude parameters are used for silver by fitting the tabulated data in reference [29].
2.1.2 Excitation of surface plasmon polaritons at planar interfaces
Due to the fact that their propagation constant kspp is greater than the wavevector k in
the dielectric, surface plasmon polaritons propagating along the flat interface between a
metal and a dielectric are essentially two-dimensional electromagnetic waves confined at
the interface, leading to evanescent decay on both sides of the interface. To excite the SPP
modes at the flat interface, special techniques are required to meet the phase-difference
between SPP modes and light in the dielectric. The most common techniques for SPP
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excitation include prism coupling, grating coupling and near-field excitation. The principle
of near-field excitation will not be given in the present report due to the scope limit.
Prism coupling
Phase-matching to SPPs can be achieved in a triple-layer system consisting of a thin metal
film sandwiched between two insulators of different dielectric constants. In general, we
take one of the insulators as air (ǫ = 1) and the other as prism (ǫ > 1). Light reflected at
the interface between metal and prism will have an in-plane momentum kx = k0
√
ǫsinθ,
which is sufficient to excite SPPs at the metal/air interface. SPP excitation manifests
itself as a minimum in the reflected beam intensity. However, phase-matching to SPPs at
the prism/metal interface cannot be achieved because the respective SPP dispersion lies
outside the prism light cone.
Figure 2.3: Prism coupling to SPPs (a) Kretschmann and (b) Otto configuration
This coupling method requires an attenuated total internal reflection in the system,
which involves tunneling of the fields of the excitation beam to the metal/air interface
where SPP excitation takes place. The most common configurations of prism coupling
are Kretschmann geometry [30] and Otto geometry [31] as shown in Fig. 2.3. In the
Kretschmann method, a thin metal film is evaporated on the top of a glass prism. A
light beam incident from the prism side at an angle greater than the critical angle of total
internal reflection allows photons to tunnel through the metal film and excite SPPs at the
metal/air interface as shown in Fig. 2.3(a). In Otto configuration, the prism and metal
film are separated by a thin air gap. Once total internal reflection occurs at the prism/air
interface, photons tunneling to the air/metal interface are able to excite SPPs as shown
in Fig. 2.3(b).
It is worth noting that SPPs excited using phase-matching via kspp = kx = k0
√
ǫsinθ
are inherently leaky waves [2], i.e. they lose energy not only due to the inherent absorption
inside the metal, but also due to leakage of radiation into the prism because the excited
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propagation constants lie within the the prism light cone. The minimum in the intensity of
the reflected beam is due to destructive interference between this leakage and the reflected
part of the excitation beam.
Grating coupling
Figure 2.4: Schematic of metal/air SPP dispersion in 2D metallic gratings. The gray area
represents the light cone in air. The coloured curves show the SPP dispersions.
The phase-difference between the in-plane momentum of impinging photons kx and
SPP propagation constant kspp can also be met by introducing a periodic grating of grooves
or holes on the metal surface. When an incoming beam interacts with the grating grooves
or holes acting as an array of scattering centers, the total field can be reconstructed
from the constructive interference of the individual scattered waves resulting in different
diffraction orders. If the in-plane component of the wavevector of one given order matches
SPP propagation constant, SPPs are excited.
For the two dimensional grating of holes with a lattice constant a, phase-matching
takes place whenever the condition [1]
kspp = k0sinθ ± nGx ±mGy (2.19)
is fulfilled, where k0 is the wave vector of the light incident at a polar angle θ, |Gx| =
|Gy| = 2π/a is the reciprocal vector of the grating, n and m are integers. As a result, the
different SPP modes excited in two-dimensional metallic gratings can be characterized by
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different sets of (n,m). Figure 2.4 shows a schematic diagram of metal/air SPP dispersions
indicated by (n,m) in 2D metallic gratings. For a simple one-dimensional grating, the
(0,±1) branch will disappear due to the reduction of periodicity in the y direction.
SourceProbe
Figure 2.5: (a) Near-field Optical image of two microhole arrays when the illuminating
laser is focused on the small array on the right with x-polarized electric field. (b) Detail
of image (a) showing propagating SPPs and the edge of the left outcoupling large array.
Reproduced from Ref. [32].
The gratings can also facilitate the decoupling of SPPs to free-space radiation. Devaux
et al. have shown an elegant demonstration of SPP excitation and their decoupling via
gratings [32]. In this study, they fabricated two metallic microhole arrays with period 760
nm and hole diameter 250 nm separated by 30 µm. The smaller array on the right of Fig.
2.5(a) was used as source-array to excite SPPs by a normally-incident laser beam with 800
nm wavelength, while the larger array on the left served as probe array. SPP excitation
at the source array and propagation along the gap and conversion to free-space radiation
have been clearly observed in the near-field optical images, see Fig. 2.5(b).
2.1.3 Localized surface plasmons in nanoparticles and nanovoids
Apart from surface plasmon polaritons propagating at the interface between a metal and
a dielectric, subwavelength metal nanoparticles are able to sustain localized surface plas-
mons, which are non-propagating excitations of the conduction electrons of metallic na-
nostructures coupled to the electromagnetic field. Localized surface plasmons essentially
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result from the scattering of a subwavelength conductive nanoparticle in an oscillating
electromagnetic field. The curved surface of the particle allows plasmon resonances to be
excited by direct light illumination without employing additional phase-matching tech-
niques that are inherently required for propagating SPP excitation at planar interfaces.
Localized surface plasmon resonances (LSPR) result in two highly attractive properties, a
strongly enhanced electric field in the immediate vicinity of the particle and significantly
increased absorption and scattering cross sections of the metallic nanoparticle. The re-
sonant frequency depends on the shape and size of the particle, and the local dielectric
environment. In fact, metallic nanoparticles known as colloidal silver or gold have been
found for centuries. As a striking example of colloidal silver and gold embedded in glass,
the Lycurgus cup made in the 4th century A.D. (see Fig. 2.6) has exhibited the amazing
nature of localized surface plasmons: the cup appears green in reflected light, but red
when viewed in transmitted light.
Figure 2.6: The Lycurgus Cup, 4th century A.D. The cup appears green (on the left) when
viewed in the reflected light, but red (on the right) in the transmitted light. Adapted from
the website of the British Museum.
In 1871, Lord Rayleigh developed an approximate approach to deal with the elastic
scattering of light by a particle much smaller than the wavelength of the light, known as
Rayleigh scattering in the electrostatic approximation [33]. In this case, the time-invariant
change of the external electric field is assumed slow enough for the particle to respond.
Therefore, an electrodynamic process can be handled as an electrostatic problem, in which
the electromagnetic field is in phase throughout the particle, and hence retardation can
be neglected. The harmonic time dependence can then be added to the solution once the
field distributions are known.
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For a spherical particle with a radius r embedded in a surrounding medium with a
dielectric constant ǫ in a uniform, static electric field, the Rayleigh approximation describes
the polarizability α of the induced dipole moment inside the sphere as follows
α = 4πr3
ǫm − ǫ
ǫm + 2ǫ
, (2.20)
where ǫm = ǫm(ω) describes the dielectric response of the sphere. It is apparent that
the polarizability experiences a resonant enhancement under the condition Re[ǫm(ω)] =
−2ǫ for the case of small and slowly-varying Im [ǫm(ω)] around the resonances. This
relationship is well known as the Fro¨hlich condition [34] and the associated mode is called
the dipole surface plasmons of the metal nanoparticle. The corresponding cross sections
for scattering and absorption σsca and σabs can be derived on the basis of the polarizability
of α and expressed as follows [34]
σsca =
k4
6π
|α|2 = 8π
3
k4r6
∣∣∣∣ ǫm − ǫǫm + 2ǫ
∣∣∣∣2 (2.21)
σabs = kIm[α] = 4πkr
3Im[
ǫm − ǫ
ǫm + 2ǫ
], (2.22)
where k is the wavevector of the incident light. As can be seen in Eq. 2.21 and 2.22, for
small particles with r << λ, the efficiency of absorption, scaling with r3, preveals over the
scattering efficiency, which scales with r6.
For particles similar to or larger than a wavelength, Rayleigh approximation is not
justified due to the retardation effect and the excitation of higher-order modes. In 1908,
Gustav Mie developed a complete theory of the scattering and absorption of electroma-
gnetic radiation by a sphere [35], known as Mie theory. In this formulation, because of
the spherical symmetry of a sphere, the incident plane wave as well as the scattering field
is expanded into radiating spherical vector wave functions. The internal field is expanded
into regular spherical vector wave functions. By enforcing the boundary condition on the
spherical surface, the expansion coefficients of the scattered field can be computed.
Another interesting system is the complementary part of nanoparticles, nanovoids,
which are dielectric inclusions of characteristic dimension r << λ in metallic structures and
can also sustain an electromagnetic dipole resonance akin to that of metallic nanoparticles.
By simply substituting ǫm(ω) → ǫ and ǫ → ǫm(ω) in Eq. 2.20, the polarizability of the
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nanovoid is obtained as
α = 4πr3
ǫ− ǫm
ǫ+ 2ǫm
. (2.23)
In contrast to metal nanoparticles, the induced dipole moment in nanovoids is oriented
antiparallel to the applied field. The Fro¨hlich condition now takes the form Re[ǫm(ω)] =
−12ǫ.
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2.2 Simulation codes
2.2.1 Finite-difference-time-domain
Finite-difference-time-domain (FDTD) is an explicit time-varying algorithm which solves
Maxwell’s curl equations on a discretized spatial grid [36]. The basis of FDTD method
traces back to a seminal paper by Kane Yee in 1966 [37], and refined thereafter and short-
named as FDTD by Taflove in 1980 [38]. In this method, the time-dependent Maxwell’s
equations are transformed into finite-difference equations by using central-difference ap-
proximations to both the time and space partial derivatives. A leapfrog method is then
used to solve the resulting finite-difference equations. The electric and magnetic field com-
ponents Ex and Hx at finite sized grid points (see Fig. 2.7) are solved at discrete instants
of time as
Enx (i+
1
2 , j, k)− En−1x (i+ 12 , j, k)
∆t
=
1
ǫrǫ0
H
n−1/2
z (i+
1
2 , j +
1
2 , k)−H
n−1/2
z (i+
1
2 , j − 12 , k)
∆y
− 1
ǫrǫ0
H
n−1/2
y (i+
1
2 , j, k +
1
2)−H
n−1/2
y (i+
1
2 , j, k − 12)
∆z
, (2.24)
H
n+1/2
x (i, j +
1
2 , k +
1
2)−H
n−1/2
x (i, j +
1
2 , k +
1
2)
∆t
=
1
µrµ0
Eny (i, j +
1
2 , k + 1)− Eny (i, j + 12 , k)
∆z
− 1
µrµ0
Enz (i, j + 1, k +
1
2)− Enz (i, j, k + 12)
∆y
, (2.25)
where n denotes the time displacement and ǫr (µr) is the relative permittivity (permeabi-
lity). The finite difference equations corresponding to the remaining components of electric
and magnetic fields can be similarly constructed. This process is repeated iteratively until
a steady-state electromagnetic field behavior is fully developed.
In an FDTD code, the absorption and scattering cross sections of single particles
can be calculated by monitoring the flow of the energy flux at certain positions in the
simulation region. The choice of different boundary conditions depends on the specific
structure of interest. The grid size is of critical importance in FDTD calculations. Higher
simulation accuracy requires smaller grid size, while keeping the computation time and
memory consumption in an acceptable range. To resolve both the smallest electromagnetic
wavelength and the smallest geometrical feature in the model, the entire computational
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domain in FDTD must be gridded and the grid spatial discretization must be sufficiently
fine, which may result in a very long solution time. In addition, because FDTD is solved
by propagating fields forward in the time domain, the electromagnetic response of the
medium must be modeled explicitly.
Figure 2.7: Illustration of a standard Yee lattice used for FDTD, within which electric and
magnetic field vector components are distributed [37]. The origin of the electric (magnetic)
field lies at the corner (center) of the cubic Yee lattice. Adapted from Ref. [38].
The numerical convergence and stability of FDTD simulations (solving partial diffe-
rential equations) are governed by the Courant-Friedrichs-Lewy condition (CFL condi-
tion) [39]. The CFL condition states that if a wave is propagating across a discrete spatial
grid and its amplitude at discrete time steps of equal length has to be calculated, the
length must be less than the time for the wave to travel adjacent grid points. One can
imagine that when the grid interval length ∆x (i.e. grid mesh size) is reduced, the upper
limit for the time step ∆t also decreases. Take one-dimensional case as an example, the
CFL condition can be expressed as
c∆t
∆x
≤ S, (2.26)
where c is the speed of light in free space and S is called Courant number. In our FDTD
simulations, we choose appropriate values for ∆x and ∆t to have S < 0.1 in order to
ensure good convergence and stability.
The main advantage of FDTD method is that the full spectral information can be
obtained by a discrete Fourier transform of the time-evolution of electromagnetic fields
modeled by a Gaussian pulse. However, this broadband source illumination itself also
incurs a severe disadvantage. When using Bloch boundary conditions with a broadband
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plane wave source for periodic structures, such as nanoparticle arrays and grating struc-
tures, the angle of incidence changes as a function of frequency. This is because broadband
sources inject fields that have a constant in-plane wavevector at all frequencies. Fig. 2.8
shows a broadband source injected at a nominal angle of 45◦. The in-plane wavevector
is chosen such that the actual injection angle at the center frequency of the simulation,
fsim, matches the nominal injection angle. Due to the conservation of the in-plane wa-
vevector, the actual injection angle becomes smaller for higher frequencies but larger for
lower frequencies. Though it can be remedied through a proper postprocessing procedure,
this problem makes the calculation rather complex and quite blurred. A straightforward
strategy to avoid this annoying issue consists in using frequency domain calculations as
we will discuss in the following section.
Figure 2.8: Illustration of the change in the angle of incidence for a broadband source in
FDTD simulations. Adapted from the website of Lumerical FDTD Solutions [40].
2.2.2 Finite-integration-technique
The Finite-integration-technique (FIT) was proposed in 1977 by Thomas Weiland [41]
and has been improved continuously over the years. This numerical method provides
a universal spatial discretization scheme applicable to electromagnetic problems ranging
from static field calculations to high frequency applications in time or frequency domain. It
is the basis for the commercial simulation tool CST Studio Suite developed by Computer
Simulation Technology. Unlike the FDTD method, which solves differential Maxwell’s
equations, the basic idea behind FIT is to apply the Maxwell’s equations in integral form to
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a set of staggered grids. The integration of electric and magnetic fields over the respective
facets of the grids can be performed under the Gauss’s Law and the Farady’s Law.
There are two basic solvers in FIT method, the transient solver and the frequency
domain solver. The transient solver is similar to the FDTD method, which can obtain the
broadband spectral response of the simulated device from only one simulation run. The
significant difference between FIT and FDTD is that FIT also supports frequency domain
simulations, in which the spectral response is calculated for each frequency using the sam-
pled real dielectric response of the materials without introducing any fitting parameters.
Furthermore, the frequency domain solver supports both hexahedral and tetrahedral mesh
types while FDTD only allows hexahedral mesh scheme, which limits classical FDTD me-
thod to staircase approximations of complex boundaries. This more general type of tetra-
hedral grid in frequency domain solver is of crucial importance for topologically irregular
structures with sharp features or curved geometries.
More importantly, the frequency domain solver adopts Floquet modes as the excitation
source when simulating periodic structures, where the fields are described as the frequency-
dependent amplitude multiplied by a time-harmonic dependence. For each angle of the
incidence, a frequency sweep is performed to obtain the whole spectral response, which
clearly eliminates the problem encountered by FDTD simulations as mentioned in the last
section.
2.2.3 Finite-element-method
The finite-element-method (FEM), also known as finite-element-analysis, is a numerical
technique for finding approximate solutions of partial differential equations (PDE) as well
as integral equations. The solution approach is based either on eliminating the differential
equation completely (steady state problems), or rendering the PDE into an approximating
system of ordinary differential equations, which are then numerically integrated using
standard techniques such as Euler’s method and Runge-Kutta [42]. In this method, a
distributed physical system to be analyzed is divided into a number (often large) of discrete
elements. The complete system may be complex and irregularly shaped, but the individual
elements are easy to analyze. The division into elements may partly correspond to natural
subdivisions of the structure.
COMSOL Multiphysics is a powerful commercial code that uses the proven FEM solu-
tion and covers almost all fields in physics, from flow of gas in pipes to volcano eruptions
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or even absorption of electromagnetic waves by brain tissues. One of its modules, the RF
module, is aimed at solving problems in electromagnetics, such as time-harmonic, time-
dependent and eigenfrequency/eigenmode problems, ranging from radio frequency (RF)
and microwave applications to optics and photonics. Compared to FDTD and FIT solu-
tions, FEM allows highly adaptive mesh discretization, triangular grids for a 2D geometry
and tetrahedral elements for a 3D geometry. This flexible meshing scheme not only results
in a highly accurate description of the physical structure under study, but also reduces the
total number of the meshing elements created, thus significantly saving the computation
time.
Another unique advantage of the RF module in COMSOLMultiphysics is that the users
can freely construct the excitation source according to their real experimental situations.
Consider the system of a metallic nanoparticle on a substrate as an example. To calculate
the scattering cross section of the nanoparticle, the total power flow scattered only by the
particle itself must be integrated. Due to the presence of the substrate, however, the power
reflected by the substrate is also collected by the monitors placed around the particle.
This issue cannot be avoided in FDTD simulations and causes the difference between the
simulated and experimental scattering spectra usually measured by dark-field microscopy.
The trick to avoid this in COMSOL RF module is to define the excitation source as a
solution of Maxwell’s equations when the system consists of a bare substrate only. In
other words, if the excitation field has initially been defined including the fields refracted
and reflected by the substrate, the scattered contribution will be computed by substracting
to the total fields this complex excitation. This source for the case of an interface between
air and a flat dielectric can simply be given by Fresnel equations. Remarkably, it turns out
that this treatment gives rise to a better agreement between simulation and experiment.
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2.3 Optical constants of noble metals
In FIT simulations, the dielectric response of noble metals, such as gold and silver, are
modeled as a Drude-like dielectric function of the form
ǫm(ω) = ǫ∞ −
ω2p
ω(ω + iγ)
, (2.27)
where for gold (silver) ǫ∞ = 10.7026(4.039) is a constant, and ωp = 1.3748×1016(1.39077×
1016) rad/s and γ = 1.1738 × 1014(3.13999 × 1013) rad/s, the plasma and damping fre-
quencies, respectively. These Drude parameters were obtained by fitting experimental
values [29] at the wavelength range of interest.
In FDTD simulations, the experimental values are fitted by Multi-coefficient Materials
(MCMs) method implemented by the commercial software Lumerical FDTD Solutions [40].
MCMs rely on a more extensive set of basis functions to better fit dispersion profiles that
are not easily described by Drude, Debye, and Lorentz models. In our simulations, we
have adopted up to 10 flexible coefficients to obtain an excellent fitting to the experimental
data with an RMS error around 0.1. The choice of fitting models depends strongly on the
dielectric response of the materials in the wavelength range of interest.
Since FEM simulations run in the frequency-domain, we can use frequency-dependent
dielectric functions for metals that are obtained by interpolating the experimentally de-
termined values from the literature. This choice rules out the possible errors in fitting the
experimental dielectric functions as generally required by FDTD solutions.
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2.4 Experimental techniques
2.4.1 Single-particle dark field microscopy and confocal microscopy
Nanoparticles investigated in this thesis were fabricated by electron-beam lithography or
focused ion-beam (FIB) milling. Single particle spectroscopy is used to characterize the
optical properties of different nanoparticles. Both dark field and confocal configurations
are implemented in the same spectroscopy setup, as depicted in Fig. 2.9. The difference
lies in the sample illumination strategy. In dark field (see Fig. 2.9(b)), the sample is
illuminated by a halogen bulb (100W), the light being shone at a high angle (∼ 60◦) via
a dark field condenser (Olympus LMPLFLN100xBD). In confocal (see Fig. 2.9(c)), the
attenuated beam from a Fianium supercontinuum fibre laser (Fianium SC450-4) is focused
on the surface of the sample by a 20x microscope objective (Olympus LMPFL20x, NA0.25).
A 50x, NA0.55, IR-corrected microscope objective (Olympus LMPL50xIR) collects the
light in both configuration. In dark field, only the light scattered in the focal plane
is coupled to the detection path. In confocal, the detection objective collects the light
transmitted through the sample. Apart from those differences, the setup is identical in
both situations. 1
The light collected by the detection objective is spatially filtered by a 50 µm-core of
a multimode fibre (AFS50/125Y, Thorlabs). The entrance of the fibre constitutes the
second pinhole of the confocal setup. Note that with the configuration used here, the
spatial resolution of our confocal setup does not reach the diffraction limit. We aim
for a high collection efficiency and a high contrast rather than a high spatial resolution.
The light is guided to the detectors by the fibre. There the beam is split in two by a
pellicle beamsplitter. One beam is introduced to an avalanche photodiode (PerkinElmer,
SPCMAQR-13). The remnant of the signal is focused in a spectrometer, which is either
fitted with a Silicon CCD array for the 450-900 nm range (Pixis camera, PIActon), or
an InGaAs CCD array for the near infrared range 800-1700 nm (OMA V, PIActon). All
the optics used for beam shaping and routing are efficient in the near IR region. The
sample sits on a piezoelectric stage (Nanonics) to enable for raster scanning imaging and
nanopositionning. Focusing of the supercontinuum beam to a near diffraction-limited spot
size ensures that single nanoparticles are probed with a good signal contrast.
1Note that it’s possible to acquire dark field spectra of opaque samples. To do so, the dark field
condenser is used for both illumination and collection. However, in this configuration the spectral range
is limited to the visible up to 800 nm, after what the lens presents large chromatic aberrations.
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Figure 2.9: Experimental setup of single particle confocal microscopy and dark field micro-
scopy. (a) Sketch of the setup, BS: pellicle beamsplitter, APD: avalanche photodiode. (b)
Illumination/detection scheme in the dark field configuration, DFC: dark field condenser,
HB: halogen bulb, S: sample. (c) Illumination/detection scheme in the confocal configu-
ration, FS: Fianium supercontinuum fibre laser, S: sample.
2.4.2 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy [43] is a technique that is based on a Michelson
interferometer with a movable mirror and used to obtain an infrared spectrum of absorp-
tion, emission, photoconductivity or Raman scattering of a solid, liquid or gas. An FTIR
spectrometer simultaneously collects spectral data in a wide spectral range, which is su-
perior to a conventional dispersive spectrometer that is based on a grating system and
measures the intensity over a narrow range of wavelengths at a time.
In a Michelson interferometer adapted for an FTIR setup, light from a broadband
source is split into two beams by a beam splitter. One of the beam is reflected off a fixed
mirror and one off a moving mirror, which creates a path length difference or a retarda-
tion. The beams interfere, allowing the temporal coherence of the light to be measured
at each different time delay setting, effectively converting the time domain into a spatial
coordinate. By making measurements of the signal at many discrete positions of the mo-
ving mirror, the spectrum can be reconstructed using a Fourier transform of the temporal
coherence of the light. The raw data measured by an FTIR setup is called an interfero-
gram recording the light intensity as a function of the path length difference as shown
in Fig. 2.10(a). This interferogram can be Fourier transformed into the FTIR spectrum.
Fig. 2.10(b) shows the setup of an FTIR spectrometer integrated with a microscope from
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Bruker Optics. Many other optical components, like polarizers and apertures, can be in-
troduced to the optical path, which allows for polarization-dependent and spatial-selective
measurements.
Figure 2.10: (a) An FTIR interferogram graph shows the raw data which can be Fourier
transformed into the FTIR spectrum. Adapted from the website of Wikipedia. (b) Ex-
perimental setup of a Bruker HYPERION Series FTIR Microscopes. Adapted from the
website of Bruker Optics.
The light intensity collected by the detector can be written as a function of the path
length difference p and wavenumber ν˜ [44]
I(p, ν˜) = I(ν˜)[1 + cos(2πν˜p)], (2.28)
where I(ν˜) is the spectrum to be determined. In most FTIR spectrometers, the sample
can be placed after the interferometer in the optical path to modulate the spectrum of
I(ν˜). The total intensity at the detector in Fig. 2.10(a) can be expressed as
I(p) =
∫
∞
0
I(p, ν˜) =
∫
∞
0
I(ν˜)[1 + cos(2πν˜p)]. (2.29)
The inverse of this Fourier cosine transform gives rise to our desired result in terms of the
measured quantity I(p)
I(ν˜) = 4
∫
∞
0
[I(p)− 1
2
I(p = 0)]cos(2πν˜p)dp. (2.30)
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2.4.3 Variable angle spectroscopic ellipsometry
Ellipsometry is a very sensitive measurement technique that uses polarized light to charac-
terize thin films, surfaces, and material microstructures [45]. Ellipsometry measures the
change in polarization state of light reflected from (or transmitted through) the surface
of a sample. More precisely, ellipsometric measurements describe an “optical system” (a
thin film sample for example) that modifies the polarization state of a beam of light (see
Fig. 2.11a&b). The measured values in an ellipsometer are generally expressed as Ψ and
∆. These values are related to the ratio of Fresnel reflection coefficients R˜p and R˜s for p-
and s-polarized light, respectively
ρ =
Rp
Rs
= tan(Ψ)ei∆. (2.31)
As can be seen from Eq. 2.31, ellipsometry measures the ratio of two values that makes
it very highly accurate and very reproducible. Because the ratio is a complex number, it
also contains “phase” information (∆), which makes the measurement very sensitive.
Figure 2.11: (a) Typical ellipsometry configuration, where linearly polarized light is re-
flected from the sample surface and the polarization change is measured to determine
the sample response. (b) Rotating analyzer ellipsometer configuration uses a polarizer
to define the incoming polarization and a rotating polarizer after the sample to analyze
the outgoing light. The detector converts light to a voltage whose dependence yields the
measurement of the reflected polarization. (c) A commercial spectroscopic ellipsometer
VASE used in our experiments. Adapted from the website of J.A. Woollam Co., Inc..
Spectroscopic ellipsometry combined with variable angle of incidence allows the user
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to acquire large amounts of data from a given sample, thus providing much more informa-
tion about the sample than single-wavelength ellipsometric measurements or an intensity
reflectance measurement at a fixed angle (generally at the normal incidence). In our expe-
riments, we are using a commercial spectroscopic ellipsometer VASE from J.A. Woollam
Co., Inc. (see Fig. 2.11c) for all the ellipsometric measurements.
2.5 Conclusion
This chapter has derived the surface plasmon polariton dispersions for planar metal sys-
tems and described localized surface plasmon excitations in metallic nanoparticles and
nanovoids. The basic principle of three different simulation codes has been discussed in
detail and their performance has been compared in terms of the computation advantages
and limitations. At last, the optical characterization techniques, including single-particle
dark-field spectroscopy, confocal spectroscopy, Fourier transform infrared spectroscopy
and spectroscopic ellipsometry have been introduced.
Chapter 3
Plasmonic Response of Singular
Metallic Nanostructures
In this chapter, we examine the use of metallic crescent-shaped nanowires and a pair of
kissing or overlapping nanowires as efficient far- to near-field converters of electromagnetic
energy over a broadband frequency range. A conformal transformation optics approach
is adopted to design these singular structures and shed light on the understanding of the
physical mechanism governing their extraordinary performance. Numerical simulations
using the finite-element-method are subsequently performed to investigate the validity of
quasi-static approximation assumed in the conformal mapping and study the radiative
losses effect when the structure dimensions become comparable to the wavelength of in-
terest. In brief, the broadband conversion of far-field light to near-field energy is achieved
by exciting surface plasmon polaritons in these singular structures. Superfocusing of the
SPPs energy is realized when the excited modes are traveling around the structure rim to
the singularity, thereby resulting in a huge field enhancement.
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3.1 Introduction to transformation optics
Transformation optics was initially used to remedy the problems of photonic band struc-
ture calculations for complex geometries consisting of dielectrics and metals. These struc-
tures inherently require electromagnetic treatment at different length scales, such as the
wavelength of light in the dielectric material and the skin depth in the metal, which na-
turally results in the non-uniform mesh. To relieve the suffering of the horribly complex
non-uniform mesh construction, Ward and Pendry introduced the concept of transforma-
tion optics based on coordinate transformations [46]. By choosing a proper coordinate
transformation, the problem that requires a non-uniform mesh in the original coordinate
system can now be solved by a uniform mesh construction in the transformed system. The
expense incurred by this transformation is to renormalize the definition of ǫ and µ that
become spatially dependent variables in the transformed system. Thanks to the invariant
form of Maxwell’s equations in any coordinate system, the feasibility and validity of the
transformation scheme are guaranteed.
Since the theoretical proposition [47] and experimental realization [48] of metamaterials
that possess amazing properties not to be found in nature like negative refractive index,
transformation optics has recaptured a lot of attention from both scientific and engineering
communities. Combined with plasmonics and metamaterials, transformation optics can be
used to design structures capable of bending light, or electromagnetic waves and energy,
in any preferred or desired fashion, for desired applications such as cloaks [49,50], fisheye
lens [51, 52], beam splitters and routers [53, 54]. For these applications, transformation
optics establishes how the electromagnetic constitutive relations must be modified within
a metamaterial structure in order to achieve a given optical response.
Here, we shall concentrate on a specific subset of transformation optics: two-dimensional
conformal transformations (or angle-preserving transformation, conformal mapping). Un-
like the general coordinate transformations that usually result in the change of ǫ and µ
and the use of metamaterials, 2D conformal mapping assumes a conservation of ǫ and
µ between the original and the transformed coordinate systems that is only valid in the
quasi-static limit. Thus, extensive numerical simulations are essentially required, as we
will show later, to verify the validity of the analytical calculations and investigate the
optical properties of structures with dimensions comparable to the wavelength of interest.
To have an intuitive flavor of how the scheme operates, Figure 3.1 shows four pairs
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of contourplots before (left) and after (right) a certain conformal transformation [55],
where z is the usual complex number notation. As can be seen from Fig. 3.1a, for
example, an inversion function gives rise to a transformation between a finite system and
an infinite system. Nevertheless, conformal mapping allows for lots of flexibility to change
the geometries between two systems that is extremely beneficial to the design of complex
optical structures.
Figure 3.1: (a)-(d) Four pairs of contourplots showing the geometries before (left) and
after (right) a proper transformation given by the corresponding equation. Adapted from
the website of Wolfram.
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3.2 Conformal transformations designing singular nanostruc-
tures
The effectiveness of light in many applications depends on converting its energy into some
other form. The interface of optical fibers with electronics, solar cells, and photosynthesis
are all instances of this conversion. In free space, a photon’s energy spreads spatially
over at least a cubic wavelength whereas electrical and chemical energy is much more
concentrated by several orders of magnitude. Therefore, the conversion process requires
some form of harvesting of light’s energy if the process is to be efficient: collecting on
a micrometer scale and concentrating to the nanoscale. Perhaps the most well-known
instance is the Fo¨ster mechanism operating in the chlorophyll molecular system in which
several hundred molecules in a photosystem absorb light and transfer that light energy
by resonance energy transfer to a specific chlorophyll pair in the reaction center of the
photosystems. In manmade devices, surface plasmons provide an ideal mechanism for this
process [2, 56–58]. They can show strong coupling to light but also can have wavelengths
of only a few tens of nanometers.
Ideally, our device should have a large cross section relative to its physical size and
operate efficiently over a broad continuous spectrum of frequencies. The latter is actually
a severe challenge for small devices that tend to be efficient collectors at just a few resonant
frequencies [35, 58]. For example, silver spheres have a very strong dipole resonance but
an extremely narrow linewidth. A continuous spectrum is usually associated with infinite
physical size. However, there are exceptions to this rule; some particles having a singular
physical structure do show strong broadband interaction with light and we shall describe
a systematic methodology for designing these particles.
our methodology recovers the original purpose of transformation optics, which was first
thought as a strategy to ease the solution of Maxwells equations [46], by applying it to the
analytical treatment of the interaction of light with metal nanoparticles. The approach is
as follows, using a spatial inversion transformation, singular metallic nanoparticles (such
as a crescent-shaped metal cylinder, as we will show in the following) can be mapped into
more tractable plasmonic systems (like an infinitely long metal slab with a finite thickness),
where electromagnetic fields can be calculated analytically. In other words, the inversion
transformation maps points at infinity to the origin, and the origin to infinity, with all
points in between mapped into reverse order. In addition, it is easy to imagine that a
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dipole source that excites surface plasmon polaritons in the infinite metal slab system is
now transformed into a plane wave which is used to excite localized surface plasmons in
the finite crescent nanoparticle system.
Note that before the transformation the surface plasmon waves propagate along the
slab system and head to infinity with constant speed, but in the transformed system,
because distances are compressed, the waves are crushed with two important effects. First,
the wavelength is reduced by the geometric compression factor. Second, the energy is
increased by the compression factor, resulting in a huge increase in the field strength
around the structure singularities. Such a harvesting of optical energy can be achieved by a
variety of structures, including crescent-shaped cylinders, kissing cylinders and overlapping
cylinders as we we will discuss in the following sections.
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3.3 Crucial role of mesh construction in simulating singular
structures
As already pointed out in Chapter 2, all the numerical simulation codes rely on the spatial
discretization though the schemes to achieve this purpose are different, which results in
significantly different performances. The role of mesh discretization becomes even more
crucial for geometries with structure singularities, such as a touching or an intersection
point, where the mesh size limit reachable in the simulation code largely determines the
accuracy in modeling the structure singularities. In this section, we take a pair of kissing
cylinders with a structure singularity at the touching point as an example to reveal the
importance of mesh size in modeling singular structures.
Figure 3.2 shows the evolution of the absorption cross-section of a pair of kissing
cylinders as a function of the smallest mesh size (δx and δy) used in the FDTD simulations.
The results are normalized to the physical cross-section of the kissing cylinders, 2D, where
D is the diameter of each cylinder. The comparison between the spectra calculated with
the smallest mesh size of δx = δy = 0.05 and 0.02 nm is shown in Fig. 3.2(a). It is
clear that the spectral response has totally changed and more peaks have emerged when
reducing the mesh size from 0.05 to 0.02nm. The analytical calculation for the same system
actually predicts a continuous broadband response without any discrete resonances as we
will discuss later. The reason for which we have seen several individual resonances is that
the real mesh discretization fails to model the touching point accurately but creates many
staircase-like small gaps between two cylinders instead due to the finite mesh size, which
behave like many dipole antennas resonating at different frequencies. This explanation
can be verified by monitoring the evolution of the spectral shape when further decreasing
the mesh size.
Figure 3.2(b) renders the absorption for the same structure simulated by reducing the
mesh size by a factor of 10 compared to Fig. 3.2(a). The most distinct difference bet-
ween panels (a) and (b) is that those sharp peaks at the low frequency range dramatically
decrease in intensity and evolve as more and more weak peaks. As a result, a nearly conti-
nuum absorption band starting from the surface plasmon frequency eventually emerges
for the smallest mesh size δx = δy = 0.002 nm. As explained above, these peaks arise from
the gap modes between two cylinders due to the finite mesh size and the intrinsic mesh
shape (square used in the simulations). One can imagine that the absorption spectrum
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Figure 3.2: The evolution of the absorption cross section of a pair of kissing cylinders with
the same diameter of 20 nm under x-polarization excitation as a function of the smallest
mesh size (δx and δy) used in the FDTD simulation.
will become completely continuous for sufficiently small mesh size that naturally incurs
an exponential increase in the computation time and memory source if the mesh discreti-
zation is uniform throughout the whole simulation area or volume. However, it turns out
that the highly adaptive discretization scheme with triangle-shaped meshes in COMSOL
is perfectly designed to deal with such singular structures as we will show in next section.
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3.4 Superfocusing and broadband response in silver nano-
crescents
3.4.1 Conformal transformation designing a crescent-shaped cylinder
Our strategy is as follows: start with an infinite plasmonic system that naturally shows
a broadband spectrum and apply a conformal transformation that converts the infinite
structure into a finite one whilst preserving the spectrum. Our canonical system is a point
dipole located above an infinite thin slab of plasmonic material such as silver. See Fig.
3.3.
Figure 3.3: (a) An infinite thin slab of a metal such as silver supports surface plasmons
that couple to a dipole source, transporting its energy to infinity. (b) The transformed
material is now a cylinder with cross section in the form of a crescent. The dipole source
is transformed into a uniform electric field.
The system shown on the left of Fig. 3.3 has the desirable properties that we seek but
has little practical utility. Now apply the following conformal transformation,
z′ = g2/(z + a) (3.1)
where z = x + iy and z
′
= x
′
+ iy
′
are the usual complex number notation, and g is
a length scale variable. Evidently all points at infinity in z translate to the origin in z′
and the plane translates into a cylinder, hence the resulting structure is a cylinder with a
crescent shaped cross section. The diameter of the empty inner cylinder is,
Di = g
2/(d+ a) (3.2)
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and that of the outer cylinder,
Do = g
2/a. (3.3)
We also define a key parameter ,
ρ = Di/Do =
a
d+ a
, (3.4)
which is the ratio between the inner and outer diameters.
Since we have chosen the origin of our inversion at the center of the dipole, thus the
two charges comprising the dipole, very close to the origin in z , translate to near infinity
in z′ which gives rise to a uniform electric field at the crescent. If the original dipole has
strength ∆ then in the transformed frame, the electric field at the origin is given by
E0(z
′ = 0) =
1
2πǫ0
∆
g2
(3.5)
We shall assume that the dimensions of the crescent are sufficiently small that surface
plasmon modes are well described in the quasi-static approximation (refers to the regime
for which the finite speed of light can be neglected and fields treated as if they propagated
instantaneously). In this case, the uniform electric field can be taken as due to an incident
plane wave. Moreover, the dielectric properties of the crescent are the same as those of the
slab from which it is derived. Also preserved under the transformation is the electrostatic
potential associated with an excitation:
φ(x, y) = φ′(x′, y′) (3.6)
However the field strength is not preserved but can be calculated from the conserved
potential and the geometry compression factor: the field strength varies as the compres-
sion and therefore the energy density scales as the square of the compression. This leads
to a divergence of the energy density at the claws of the crescent, at least in a loss-
less system. The mathematics of the conformal transformation closely links the physics
at work in each of the very different geometries. Solving the relatively tractable slab
problem solves the crescent problem. Since this thesis mostly focuses on the numerical
investigation of such singular structures and the elaboration of the basic physical mecha-
nism behind their extraordinary properties, the detailed analytical calculations will not
be presented in the following, the analytical results will be compared with the simulation
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results. Readers who are interested in the analytical derivations can refer to the corres-
ponding publications [59–61]. It is worth pointing out that the importance of performing
numerical simulations lies in examing the validity of quasi-static approximation assumed
in the analytical calculations and investigating the radiative losses effect when the struc-
ture dimensions become comparable to the wavelength of interest where the analytical
theory becomes invalid.
3.4.2 Superfocusing of electric field in nanocrescents
With the above transformation, one can imagine that the energy density diverges at the
claws of the crescent, at least in a lossless system. This can be qualitatively understood
as follows. A dipole pumps energy into surface plasmon modes of a metallic slab which
transport the energy out to infinity without reflection. The spectrum of modes is conti-
nuous with a lower bound at zero frequency and an upper bound at the surface plasmon
frequency as shown in Chapter 1. At the surface plasmon frequency there is a singularity
where the symmetry of the modes switches from antisymmetric to symmetric. The same
modes are excited in the crescent by a uniform electric field which we shall take as due to
an incident plane wave. Since we make the quasi-static approximation all dimensions of
the crescent are less than the wavelength. The changed geometry means that the excited
modes have a net dipole moment. This provides coupling to the external field. Modes are
excited mainly at the fat part of the crescent and propagate around to the claws. Figure
3.4 illustrates this fact by showing our numerical simulation of the field distribution in
two crescents with different geometries.
For this figure as well as in the following of the study, the metal is assumed to be silver
with a surface plasmon frequency ωsp = 3.67 eV and permittivity taken from Johnson and
Christy [29]. As surface plasmon modes propagate towards the claws, their wavelength
shortens and group velocity decreases in proportion. Just as modes excited in the original
slab never reach infinity in a finite time, so modes excited in the crescent never reach
the tips. In an ideal lossless metal energy accumulates towards the claws and its density
increases with time without bound. In practice finite loss of the metal intrinsic absorption
will resolve the situation to a balance between energy accumulation and dissipation. As
can be seen, the angle at which the field stops focusing depends on the frequency of
interest. The wave field with a low frequency (left column in Fig. 3.4) can propagate
around the crescent much farther than that with a high frequency (right column in Fig.
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Figure 3.4: Simulated contourplots of E′x amplitude in two crescents of the same Do = 10
nm but with ρ = 0.5 (top panel) and 0.8 (bottom panel) at f = 6× 1014 Hz (left column)
and 8× 1014 Hz (right column).
3.4). This difference can be understood from the frequency-dependent group velocity of
SPP modes in an insulator-metal-insulator structure as shown in Fig. 2.2. The group
velocity dω/dk, where ω is the angular frequency and k is the in-plane wave vector of
SPP modes, decreases when approaching to the surface plasmon frequency ωSP , thereby
leading to the maximum enhancement occurred earlier for fields with higher frequencies.
Figure 3.5 shows our numerical simulation (performed by COMSOL) of the amplitude
of the x′ component of electric field induced in the crescent by an plane wave incident
normal to the axis of the cylinder such that the electric field is parallel to the y axis of
the crescent. To demonstrate the superfocusing behavior around the claw of the crescent,
the angle range is restricted between 165◦ and 180◦. It is evident that losses truncate the
growth of the field at a finite angle, which is determined by how far around the crescent the
wave field can propagate before being absorbed. In the case of silver for the given shape of
crescent and frequency, the intensity enhancement, E′2x /E
2
0 , is a factor of 3.97× 105 at an
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Figure 3.5: (Black curve) Simulated amplitude of E′x induced in the crescent of ρ = 0.8
and Do = 10 nm by an incident plane wave, plotted as a function of the angle, θ, defined
in the figure for f = 6×1014 Hz and ǫ = −9.737+0.312i. (Red curve) Losses are increased
by a factor of two in the simulation: ǫ = −9.737+ 2× 0.312i. Both curves are normalized
to the incoming field amplitude E0.
angle of 178◦. If this structure were employed in a Raman scattering experiment, sensiti-
vity to molecules placed at the 178◦ point would show an electromagnetic enhancement of
1.58× 1011 in Raman signals [62]. Also shown is a second calculation in which losses are
increased by a factor of two greatly reducing the enhancement, and decreasing the angle at
which maximum enhancement occurs. The analytic calculation predicts a maximum field
enhancement scaling as the inverse square of the permittivity imaginary part ǫI [59, 60].
This is in agreement with the factor four observed between the black and red curves in
Fig.3.5. Note that the numerical prediction shown in Fig. 3.5 may not describe accurately
the actual field enhancement in the crescent for small devices (< 10 nm). At such a small
length scale continuum electrodynamics are no longer valid and non-local effects will play
a role (see e.g. ref. [63]).
3.4.3 Tunable broadband absorption
The energy pumped into surface plasmons in the metal slab (Fig. 3.3) can be calculated
from the scalar product of the induced electric field and the dipole strength [64, 65]:
P = −ω
2
Im {∆∗ ·E(z = 0)} (3.7)
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This quantity can be calculated in the near field approximation by picking out the poles
due to the propagating surface plasmon modes. This dipole power dissipated maps di-
rectly onto the power absorbed from a plane wave incident on the nanostructure in the
transformed geometry. If Eq. 3.7 is normalized by the incoming flux Pin = ǫ0c0|E0|2/2,
the absorption cross-section σa = P/Pin of the crescent can be deduced for ǫ < −1,
σa =
π2ω
c0
[
ρDo
1− ρ
]2
Re
{
ln
(
ǫ− 1
ǫ+ 1
)
4ǫ
1− ǫ2
(
ǫ− 1
ǫ+ 1
)
−
2ρ
1−ρ
}
(3.8)
Note that all orientations of the incident electric field are equally effective at excitation.
This isotropy is allowed by the contact between the two crescent tips. On the contrary, a
highly anisotropic behavior is expected as soon as the tips are no longer touching [66–69].
At the surface plasma frequency where ǫ = −1 , Eq. 3.8 is singular if ρ < 1/3, i.e. only
for fat crescents where the analytical expression does not work properly.
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Figure 3.6: Comparison of the simulated (dashed lines) and calculated (solid lines) ab-
sorption cross section as a fraction of the physical cross section as a function of frequency
for crescents of different shapes: ρ = 0.9 in blue, ρ = 0.8 in green, and ρ = 0.5 in red
with Do = 10 nm. The absorption spectrum of one individual cylinder is also shown for
comparison (black line).
Figure 3.6 displays the comparison of simulated and calculated absorption cross-section
σa as a fraction of the physical cross-section, for Do = 10 nm. For ρ > 1/3, the crescent
exhibits a broadband spectrum that shifts towards red when the crescent gets thinner.
The efficiency of the crescent in light harvesting is also significant since its absorption
cross-section is of the order of the physical cross-section even for such a small particle size
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(Do = 10 nm). For constant ratio ρ, σa/Do scales linearly with Do. Thus higher cross-
sections could be obtained for larger diameter crescents but in this case the quasi-static
approximation may not be valid as we will see in the following.
3.4.4 Examination of quasi-static approximation and radiative losses ef-
fect
We now turn to the question of validity of the quasi-static approximation assumed in the
analytical calculation [59,60]. To that aim, numerical simulations have been performed to
investigate the effect of radiative losses when the structure dimension becomes comparable
to the wavelength. In the quasi-static approximation, which holds when the dimensions of
the crescent are less than the wavelength, the enhancement of electric field is independent
of the size of the system as predicted by the analytical calculation [60]. However, radiative
losses in large devices tend to reduce the field enhancement.
Figure 3.7: Amplitude of the x′ component of the electric field at the surface of crescents
for f = 6 × 1014 and ρ = 0.8. The incident field is polarized along y′. The theoretical
electric field (continuous red line) is compared to numerical results for different structure
dimensions: 20 nm (dashed blue curve), 100 nm (green curve), 200 nm (black curve), and
300 nm (cyan curve).
Figure 3.7 compares the field enhancement along the crescent surface obtained nume-
rically for different structure dimensions with our theoretical prediction. As can be seen
from the figure, there is a remarkable agreement between theory and the numerical result
for Do = 20 nm. For larger structure dimensions (Do > 100 nm), radiation damping is no
longer negligible and the field enhancement falls compared to the analytical prediction.
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However, the device still provides a significant nanofocusing of light with a maximum en-
hancement factor equal to 2× 102 for Do = 200 nm whereas electrostatic theory predicts
6 × 102 [60]. The nanofocusing properties of crescents are thus quite robust to radiation
losses.
Radiation losses also have significant effect on the absorption cross section for large
devices. Figure 3.8 compares the absorption spectra normalized by Do obtained numeri-
cally for different crescent sizes. For a dimension of 10 nm, the quasi-static approximation
is verified and a good agreement is found between the numerical and analytical results as
we have already seen in Fig. 3.6. For larger dimensions (> 50 nm), radiation damping
becomes important and the absorption cross section falls compared to the theoretical re-
sults: electrostatic theory predicts a scaling of σa/Do as Do [Eq. 3.8] which is clearly not
the case here. However, Figure 3.8 shows that the absorption cross section remains at
least on the order of the physical cross section, whatever the structure dimension, and can
be even larger for Do = 100 nm.
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Figure 3.8: Absorption cross-section normalized by the physical cross section as a function
of frequency for crescents with ρ = 0.8. The incident field is polarized along y′. The
numerical absorption spectra (dashed lines) are displayed for different structure dimensions
(10, 20, 50, 100 and 200 nm) and compared to the theoretical absorption spectrum for
Do = 10 nm (continuous black line).
As already pointed out in the literature [2], retardation effects lead to a shift of the
absorption spectrum toward red compared to the electrostatic predictions (see the com-
parison between Do = 10 nm and 100 nm). By introducing the firsr-order corrections
56 Chapter 3 Plasmonic Response of Singular Metallic Nanostructures
to the quasi-static approximation, Mie theory yields for the polarizability for spheres of
larger dimensions, showing the effect of retardation of the exciting field over the volume
of the sphere and the depolarization field inside the sphere [70] that causes an energy
shift of the plasmon resonance. Intuitively, this can be understood by recognizing that
the distance between the charges at opposite interfaces of the particle increases with its
size, thus leading to a smaller restoring force and therefore a lowering of the resonance
frequency [2].
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3.5 Efficient light harvesting in kissing cylinders
3.5.1 Conformal transformation designing a pair of kissing cylinders
Another interesting system is two semi-infinite slabs with a dipole source at the center as
shown in Fig. 3.9, which can be converted into two kissing-cylinders with a touching point
at the origin by applying a simple conformal transformation z′ = g2/z, where z = x+ iy
and z′ = x′+iy′. Obviously all points at infinity in z translate to the origin in z′ and planes
translate into cylinders. Hence, the resulting structure consists of two kissing cylinders.
The diameters of the two cylinders are respectively,
D1 =
g2
d1
, D2 =
g2
d2
(3.9)
We also define a key parameter ,
ρ = D1/D =
d2
d
, (3.10)
which is the ratio between one of the cylinder diameter D1 and the overall size of the
device, D = D1 +D2. The transformation of the source is the same as the crescent case:
the original dipole is transformed into a uniform electric field that we will take as due to
an incident plane wave under the quasi-static approximation.
Figure 3.9: (a) Two silver slabs, infinite in both y-directions and semi-infinite in x-
directions, separated by a distance of d support surface plasmons that couple to a dipole
source, transporting its energy to infinity. (b) The transformed structures are now two
kissing-cylinders of different diameters D1 and D2 with a touching point at the origin.
The dipole source is transformed into a uniform electric field.
In the system of two semi-infinite slabs, it is easy to understand that the y-polarized
excitation will be inefficient due to little interaction between the charges induced along two
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slabs. Thus, we expect the same inefficient excitation in the transformed kissing-cylinders
system under the excitation with a polarization perpendicular to the connection of two
cylinders’ center. This anisotropic response in kissing cylinders will be examined later by
comparing the absorption cross-section for two different polarized excitations.
3.5.2 Superfocusing of electric field in kissing cylinders
The field focusing mechanism in kissing cylinders is similar to that in the crescent case.
Surface plasmon polaritons propagate along the surface of the cylinders towards the tou-
ching point, where their velocity vanishes and energy accumulates. Considerable field
enhancement and confinement at the nano-scale are then achieved. The superfocusing
performance results from a balance between energy accumulation and dissipation losses.
Figure 3.10: Top panel: Contourplots of E′x amplitude in kissing-cylinders of the same
diameter of 10 nm under an x-polarization excitation at f = 6.0 × 1014 Hz (a) and
8.0 × 1014 Hz (b). Colours code the field amplitude from negative (blue, -5) to positive
(red, 5) maximum values. Bottom panel: The corresponding E′x amplitude along the
cylinder surface as a function of θ at f = 6.0× 1014 Hz (c) and 8.0× 1014 Hz (d).
Figure 3.10 shows the simulated field distribution in kissing cylinders of 10 nm diameter
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under x-polarized plane wave excitation. As expected from the transformation treatment,
Figs. 3.10(a)&(b) exhibit that the electric field is strongly confined around the touching
point of two kissing-cylinders. Under an x-polarized excitation, the odd SPP modes (even
Ex) with asymmetric charge distribution with respect to the y-axis can be excited in the
system of two infinite slabs. After applying the conformal mapping, the parity of even
Ex(x) is preserved in the system of two kissing-cylinders as shown in the contourplots. To
clearly view the field enhancement around the singularity, we have plotted the correspon-
ding field amplitude of E′x along one cylinder surface in Figs. 3.10 (c)&(d). Surprisingly,
the field enhancement E′x/E0 around the structure singularity in kissing cylinders is one
order higher than that of crescents at the same frequency (see Fig. 3.4) but localized in
a narrower angle range. One can conclude that the energy density must be extremely
high at the singularity. This makes the system of kissing cylinders very useful for SERS
application and single molecular detection.
3.5.3 Anisotropic absorption response
As we mentioned above, the system of kissing cylinders is an anisotropic device that
can provide an efficient harvesting of light over a broadband spectrum, depending on the
polarization of the incoming beam. As can be seen from Fig. 3.11, the cylinder pair indeed
shows a broadband absorption under an x′-polarized excitation but a narrow resonance
absorption under a y′-polarized excitation that resembles the absorption spectrum of a
single cylinder. The fact that the two cylinders touch each other at a singular point is
decisive for the continuity of the spectrum. Otherwise, a resonant feature would arise.
Physically, the broadband spectrum comes from the fact that SPPs’ velocity vanishes at
the touching point. SPPs are thus not reflected within the nanostructure, which prevents
any resonant behavior.
For an incident polarization along x′, the best excitation efficiency is predicted for
kissing cylinders with ρ = 0.5 by our analytical calculations [59, 61]. This corresponds to
an original system of a dipole placing exactly at the center of the two metal slabs in which
an equal amount of charges with different signs induced along two slabs strongly interact
with each other, thus resulting in the maximum excitation efficiency of odd surface plasmon
modes. Any displacement of the dipole from the center position of the two slabs leads to
an decreased excitation efficiency in the original system, thereby creating two cylinders
with different diameters and being less efficient in the light harvesting performance.
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Figure 3.11: Comparison of the simulated absorption spectra (normalized to the total
dimension D) between a pair of kissing cylinders and a single cylinder. The blue dashed
and solid lines are for kissing cylinders of 10nm diameter and ρ = 0.5 under x′− and y′−
polarized excitations, respectively. The red and black solid lines are for kissing cylinders
of ρ = 0.2 and a single cylinder of 10 nm diameter, respectively.
3.5.4 Radiation losses effect in field enhancement and absorption
Figure 3.12 compares the field enhancement along the cylinder surface (ρ = 0.5) obtained
numerically for different structure dimensions with our theoretical prediction [61]. The
electrostatic theory states that the field enhancement does not depend on the size of
the device, hence each curve can be compared on the same basis. As can be seen from
the figure, there is a remarkable agreement between theory and the numerical result for
D = 20 nm. For larger structure dimensions (D > 100 nm), radiation damping is no
longer negligible and the field enhancement becomes smaller than our analytical prediction.
However, the device still provides a significant nanofocusing of light with a maximum
enhancement factor equal to 6× 103 for D = 300 nm whereas electrostatic theory predicts
1.5× 104. The nanofocusing properties of the device are thus quite persistent to radiation
losses.
Figure 3.13 compares the absorption spectra obtained numerically for different sizes of
kissing cylinders. For a dimension of 20 nm, the quasi-static approximation is verified and
a good agreement is found between numerical and analytical results as we have observed
above for field enhancements. We also note that a slight disagreement occurs around the
surface plasmon frequency. This is due to dissipation losses that are important in this range
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Figure 3.12: Amplitude of the x′-component of the electric field at the surface of one of
the kissing cylinders (ρ = 0.5), plotted as a function of the angle, θ, defined in the figure,
for f = 6.0×1014 Hz. The incident field is polarized along x′. The theoretical electric field
(continuous red line) is compared to numerical results for different structure dimensions:
20 nm (dashed black curve), 100 nm (blue curve), 200 nm (green curve), and 300 nm
(purple curve).
of frequency whereas our theoretical model is valid in the limit Im(ǫ) << −Re(ǫ) [61].
Figure 3.13: Absorption cross-section of identical kissing cylinders (ρ = 0.5) normalized
by the physical cross-section as a function of frequency. The incident field is polarized
along x′. The numerical absorption spectra (dots) are displayed for different structure
dimensions (20, 100, 200, 300 nm) and compared to the theoretical calculation for D = 20
nm (continuous black line).
For larger dimensions (D > 100 nm), radiation damping becomes important and the
absorption cross-section falls compared to the theoretical prediction: the normalized σa/D
does not scale as D but decreases instead. However, Fig. 3.13 shows that the absorption
62 Chapter 3 Plasmonic Response of Singular Metallic Nanostructures
cross-section remains at least of the order of the physical cross-section, whatever the
structure dimension, and can be even larger for D = 100 nm. As already discussed in
the crescent case, retardation effects lead to a shift of the absorption spectrum towards
red compared to the electrostatic prediction. Interestingly, Fig. 3.13 indicates that the
broadband behavior of the kissing cylinders is improved for large structure dimensions.
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3.6.1 Conformal transformations designing overlapping cylinders
In this section, we briefly introduce how to use conformal mapping to design a system
consisting of two overlapping cylinders. Our canonical system is an array of line dipoles
aligned along the y-axis placed between periodic metallic films of thickness 2(π− θ0) (Fig.
3.14a). This system is repeated along the y-direction with a period 2π. Now apply the
following conformal transformation,
w = ro exp(z) (3.11)
where z = x+iy and w = u+iv are the usual complex number notations. The transformed
material consists in a wedge structure whose vertex is at the origin. The vertex angle is
of 2θ0 (Fig. 3.14b). As regards the transformation of the source, the array of dipoles is
transformed into a single dipole ∆y = ro∆u aligned along the u-axis and placed at the
point wo = −ir0. A pair of overlapping cylinders can be derived by applying a second
conformal transformation to the wedge-like structure (Fig. 3.14c),
z′ =
g2
w + iro
=
g2
ro(exp(z) + i)
(3.12)
where z′ = x′ + iy′ is the usual complex number notation. The diameter of the two
cylinders is given by,
D =
g2
ro sin θ0
(3.13)
The overlapping distance δ between the two cylinders can be expressed as,
δ = D(1− cos θ0) (3.14)
The contact area Σ between the two cylinders is given by
Σ = D sin θ0 =
g2
ro
(3.15)
We also define a key parameter,
ρ =
Σ
D
= sin θ0, (3.16)
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which is the ratio between the contact area Σ and the diameter of the cylinders, D. The
physical cross-section of overlapping cylinders is then expressed as Do = 2D − δ.
Figure 3.14: (a) Periodic metallic slabs of thickness 2(π− θ0) separated by vacuum layers
of thickness 2θ0 can support surface plasmons that couple to an array of line dipoles
∆. These dipoles are oriented along the y−direction and the array pitch is 2π. (b) The
transformed material of (a) following Eq. 3.11 is a wedge-like plasmonic structure with
a vertex angle 2θ0. The array of dipoles, ∆y, is transformed into a single dipole, ∆u,
oriented along the u−axis. (c) The transformed material of (b) following Eq. 3.12 is a
pair of overlapping cylinders of diameter D, with an overlap distance δ and area of contact
Σ. The dipole source ∆u is transformed into a uniform electric field E
′
0
.
The dipole ∆u = r0∆y is transformed into a uniform electric field in the transformed
geometry,
E′
0
=
∆y
2πǫ0
ro
g2
ex′ (3.17)
with ex′ the unitary vector along the x
′−axis. We make the choice of an incident electric
field E′
0
polarized along x′ is because this polarization is more efficient to excite surface
plasmon modes than a transverse polarization (along y′) as explained in the case of kis-
sing cylinders. Note that, in the literature, most of the experimental works dealing with
metallic nanowires consider surface plasmons propagating along the nanowire axis [71],
contrary to the configuration studied here. In the following, we will not show the detailed
analytical derivations of conformal mapping but concentrate on the numerical results and
compare them with the analytical predictions.
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3.6.2 Geometry-controlled band-gap absorption
Figure 3.15 compares the analytical and numerical absorption cross-sections obtained for
an overlapping nanowires pair of size Do = 20 nm with different values of ρ. Note that,
for the studies of overlapping cylinders, the silver permittivity is now taken from Palik
data [72] and no longer from Johnson and Christy [29]. Actually, we have been unable
to make the simulations converge with Johnson and Christy data because of the strong
divergence of the electric field at the structure singularities. On the contrary, the silver
dielectric function from the Palik data [72] has a larger imaginary part in the frequency
range of interest, which implies more dissipation losses and a less dramatic singular feature.
Nevertheless, slight oscillations are still visible in the simulated absorption spectra for small
values of ρ compared to theory (see Fig. 3.15). These numerical difficulties highlight the
importance of developing analytical approaches to deal with such singular structures.
Figure 3.15: Comparison between theoretical (solid lines) and simulated (dots) absorption
cross-sections normalized by the physical cross-section Do for a pair of overlapping nano-
wires of size Do = 20 nm with different values of ρ = 0 (black), 0.1 (blue), 0.2 (green),
0.5 (red), 0.75 (cyan). The metal is assumed to be silver with permittivity taken from
Palik [72].
In contrast to the system of kissing nanowires (ρ = 0), overlapping nanowires show
a clear cut-off frequency ωc in their absorption spectra. This cut-off frequency can be
adjusted by tailoring the overlap distance between the two nanowires. This opens new
perspectives for the design of plasmonic band-gap filters. As shown in Fig. 3.15, the
absorption spectrum is strongly dependent on the overlapping distance between the two
nanowires. Actually, the ratio ρ = Σ/D is directly related to the angle of contact θ0
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between the two nanowires (Eq.3.16), which governs the cut-off frequency ωc. A squeezed
metallic wedge (θ0 → 0) can support surface plasmon modes over a broadband spectrum
(ωc → 0), whereas a large angle θ0 implies an extremely narrow linewidth (ωc → ωsp).
Hence, three distinct regimes can be distinguished:
• Kissing cylinders regime (ρ→ 0): the cut-off frequency ωc is zero and the absorption
cross-section displays a continuous and broadband absorption spectrum over the
whole visible and near-infrared spectrum.
• Overlapping regime (0 < ρ < 1): when the angle of contact θ0 (or ρ) increases, the
cut-off frequency ωc blue-shifts, which limits the bandwidth of the light harvesting
process. An absorption peak is observed around ωc. When ω → ωsp, the device
behaves like kissing cylinders in terms of light harvesting (see Fig. 3.15). For small
overlap (ρ < 0.5), the absorption spectrum exhibits an interesting light harvesting
feature with a flat and broadband absorption spectrum between ωc and ωsp.
• Single nanowire regime (ρ→ 1): when ρ→ 1, the two nanowires merge into a single
one. The absorption spectrum exhibits then one sharp resonance at the surface
plasmon frequency ωsp.
To be more realistic from an experimental point of view, the structure singularities
of overlapping nanowires can be slightly blunted in the numerical simulations (which
corresponds to the nanofabrication imperfection in real experiments). To that aim, two
cylinders are inserted between the overlapping nanowires as shown in the inset of Fig.
3.16. The triangle-shaped areas enclosed between the two nanowires and these cylinders
are filled with metal, which results in two smooth arcs that connect the two nanowires
instead of two singular points.
Figure 3.16 compares the absorption cross-sections of these blunted overlapping nano-
wires with the theoretical prediction for their perfect counterparts. One can see that the
bluntness of the structure singularities does not change significantly the cut-off absorption
behavior for large overlap distances (ρ ≥ 0.5), which means that the analytical theory
initially developed for perfect overlapping nanowires is still effective in this case [73]. The
discrepancy between simulation and theory for the smaller overlap distance (ρ = 0.2)
is explained by the fact that the response of overlapping nanowires at low frequencies
(ω < 0.5ωsp) relies on very sharp geometric features: the field is much more confined at
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Figure 3.16: Simulated absorption cross section σa normalized by the physical cross-
section Do for overlapping nanowires with blunted singularities compared to theoretical
predictions that have involved singularities in the calculations. The two singularities of
the nanowires’ pair have been removed by inserting two circles of 0.2 nm radius as shown
in the inset. The structure has a total dimension of Do = 20 nm with different values of
ρ = 0.2 (blue), 0.5 (green), 0.75 (red).
low frequencies [59] and any slight deviation from the initial geometry may prevent sur-
face plasmons from being excited. Hence, if we want plasmonic devices efficient in the red
part of the visible spectrum, strong constraints have to be imposed on the nanofabrication
process.
The effect of the size of the nanofabrication imperfection is investigated in Fig. 3.17.
The absorption cross-section of 10 nm diameter overlapping nanowires is shown for dif-
ferent radius a of the inserted circles for ρ = 0.5. As displayed by Fig. 3.17, the absorption
cross-section exhibits a robust cut-off response for a sample imperfection a/D = 0.01,
though two individual resonances emerge on both sides of the absorption band. A larger
imperfection (a/D = 0.2, i.e. less sharp intersection between two cylinders) creates a
blue shift of the cut-off frequency as indicated by the arrows in the figure. The control of
sample imperfections is thus important to obtain a stable performance in light-harvesting
within the absorption band of overlapping nanowires.
3.6.3 Radiative Losses resulting in negligible absorption and strong scat-
tering below the cut-off frequency
The radiative losses, which are not taken into account in the conformal transformation
approach [73], can be investigated by our numerical simulations for overlapping cylinders
with structure singularities. As shown in our previous studies [74], these radiative losses
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Figure 3.17: Normalized absorption cross-section σa as a function of frequency and the
radius a of the two circles which are tangential to the overlapping cylinders’ pair as shown
in the inset. The cylinders pair of 10 nm diameter D has a constant value of ρ = 0.5. The
arrows indicate the cut-off frequency of absorption for each device.
mainly originate from the lossy surface waves, whose contribution cannot be derived ana-
lytically in the case of overlapping nanowires. The absorption and scattering cross-sections
of overlapping nanowires have been computed numerically for different structure dimen-
sions with the same ρ = 0.5 (see Fig. 3.18). The results show that radiation damping
becomes important for D ≥ 30 nm. The absorption cross-section falls compared to the
quasi-static prediction: the theory predicts a scaling of σa as D
2 which is clearly not the
case for D ≥ 30 nm(see Fig. 3.18a). Interestingly, the band gap feature of overlapping
nanowires is conserved even in presence of radiative losses. Figure 3.18a shows that the
best light-harvesting efficiency is obtained for structure dimension around 30 nm. The
radiative spectrum also exhibits a pronounced cut-off behavior for D ≤ 30 nm (see Fig.
3.18b). On the contrary, for larger overlapping nanowires (D = 100 and 150 nm), the ra-
diative losses significantly increase below ωc while the absorption losses are still negligible.
Since surface plasmon modes are not excited in overlapping cylinders below ωc, most of
the energy is scattered and not absorbed by the metallic nanowires. This property does
not usually exist in other plasmonic nanostructures in which a strong scattering cross sec-
tion is always accompanied with a strong absorption. This unique feature of overlapping
cylinders is particularly beneficial to plasmonic solar cell applications. One can imagine
that, when overlapping cylinders with appropriate dimensions are properly patterned on a
solar device, most of the incident solar light in the visible and near-infrared range can be
strongly scattered into the active absorptive layer of the device for creating electron-hole
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pairs but without being absorbed much by these overlapping cylinders themselves, thereby
leading to prospective plasmonic enhancements in the efficiency of solar cell devices.
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Figure 3.18: Simulated absorption cross section σa (a) and scattering cross-section σs (b)
normalized by the physical cross-section Do as a function of frequency for overlapping
nanowires’ pairs with a constant ρ = 0.5 but different diameters, D = 10 nm (black), 30
nm (red), 100 nm (green) and 150 nm (blue).
3.6.4 Field distribution in overlapping cylinders
Since electric field enhancements are related to the absorption of plasmonic nanostruc-
tures, one would not expect large field enhancements below the cut-off frequency in the
absorption spectrum of overlapping cylinders where surface plasmon modes are not excited.
Figure 3.19 evidences this fact by comparing the field distribution in a pair of overlapping
cylinders at two different frequencies, one below the absorption cut-off frequency (left co-
lumn) and the other within the range of the absorption band (right column). It is clear
that both E′x′ and E
′
y′ are not enhanced at the frequency of 0.56ωsp (< ωc = 0.82ωsp)
while large field enhancements are observed at the frequency of 0.86ωsp (> ωc = 0.82ωsp).
The bluntness of the singularities is expected to suppress the field enhancement in
overlapping nanowires. Figure 3.20 displays the electric field distributions for overlapping
nanowires of 10 nm diameter and ρ = 0.5 with a sample imperfection a = D/50 (left
column) and a = D/10 (right column). As can be seen, the field enhancement decreases
with the size of the sample imperfection. However, both E′x′ and E
′
y′ still show a significant
enhancement. For instance, a maximum field enhancement of 60 is obtained for a sample
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Figure 3.19: Contourplots of E′x (top panel) and E
′
y′ (bottom panel) amplitude in an
overlapping nanowires’ pair of 10 nm diameter and ρ = 0.5 at 0.56ωsp (left panel, below
the cut-off frequency of ωc = 0.82ωsp) and 0.86ωsp (right column, above ωc).
imperfection a = D/50.
3.7 Conclusion
To briefly conclude, we have introduced the concept of conformal transformations and
demonstrated how to use this powerful tool for designing singular plasmonic nanostruc-
tures (nanocrescents, kissing and overlapping nanowires) capable of harvesting light over a
broadband spectrum and converting the far-field energy into enhanced near-field at struc-
ture singularities. Subsequently, numerical simulations have been performed by means
of finite element method to verify the validity of quasi-static approximation assumed by
the theory and predict the radiation losses effect on the light-harvesting effectiveness and
superfocusing of near-field energy when structure dimensions become comparable to the
wavelength. We have found that it is possible to tune the broadband absorption by control-
ling the aspect ratio in nanocrescents and to adjust the absorption cut-off frequency by
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Figure 3.20: Amplitude of the real part of E′x′ (a) and E
′
y′ (b) normalized by the incoming
field E′0 (polarized along x
′) at a frequency of 0.84ωsp for an overlapping nanowires’ pair
of 10 nm diameter D and ρ = 0.5 with singularities blunted by tangentially inserting two
circles of 0.2 nm and 1.0 nm radii around the two crossing points of two cylinders as shown
in the figure. The color scale is linear and restricted to [-10 10] but note that the field
magnitude can be by far larger, especially near the overlap area.
tailoring the overlap distance in kissing and overlapping nanowires. Due to the superfo-
cusing property, all three devices made of silver show a strong field enhancement up to
103 around their structural singularities. We have also demonstrated the importance of
choosing a small enough mesh size in order to accurately model the broadband behavior.
These plasmonic nanostructures with efficient light harvesting will find great potential
applications in solar cells, surface enhanced Raman scattering (SERS), single molecular
detection and high-harmonic generation.
Chapter 4
Active Modulation of Plasmon
Resonances
In this chapter, we investigate dynamic modulation of localized surface plasmon resonance
(LSPR) of single metal nanoparticles on two active substrates, vanadium dioxide (VO2)
thin films with a thermally-controlled dielectric response through an insulator-to-metal
phase transition at a critical temperature, and ferroelectric barium strontium titanate
(BSTO) thin films with electro-optically-induced refractive index change under applied
electric fields. In the former case, we also study the localized surface plasmon resonance
in pristine VO2 nanoparticle arrays and hybrid Au::VO2 nanoparticles and use them as
a sensitive nano-probe to explore the effects of sizes and defects in the phase transition
of VO2. To obtain direct evidence of refractive index modulation, in the latter case,
spectroscopic ellipsometry method is used to study the strain evolution in BSTO films
and its effect on the film optical constants. As a proof-of-principle experiment, we show
our preliminary results of bias-controlled modulation of the measured ellipsometric data
for BSTO films.
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4.1 Thermo-optical modulation of LSPR in Au colloids
4.1.1 Introduction
Vanadium dioxide (VO2), a strongly correlated electron material, undergoes an insulator-
metal phase transition at a critical temperature (Tc) of 67
◦C in bulk single crystals [75].
The phase transition also induces a structural transformation from monoclinic in the in-
sulator phase to tetragonal in the metallic phase (see Fig. 4.1), resulting in a significant
change in the dielectric response of VO2 films (see Fig. 4.2) and nanoparticles. This
temperature-dependent dielectric response makes VO2 a promising candidate as a dielec-
tric medium in plasmonic structures to achieve thermally controlled plasmon modulation.
Previous studies have been performed on gold nanoparticle arrays covered by a thin layer
of VO2 [76,77] and on silver island films sputtered on VO2 films [78,79]. In these studies,
the plasmon resonance shift was obtained from an ensemble extinction [76,77] or absorp-
tion [78, 79] measurement. In Refs. [76, 77], for example, the VO2 film not only covered
the Au nanoparticles, but also filled the space between them.
Figure 4.1: Crystal structures of vanadium dioxide: low-temperature monoclinic (left) and
high-temperature rutile(right).
More recently, surface plasmon resonance modulation has also been observed in highly
crystalline Au-VO2 nanocomposite thin films [80]. In the near infrared range, the VO2
phase transition has been used to realize frequency-tunable metamaterials based on Ag/VO2
hybrid split ring resonators [81]. Extending to terahertz range, active control of transmis-
sion over a dynamic range of three orders of magnitude at a resonance frequency of 0.4
THz has been demonstrated in nanoscale slot Au antenna arrays attached to a VO2 thin
film [82].
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Figure 4.2: Real (a) and imaginary (b) parts of the dielectric function of vanadium dioxide
in both metallic and semiconductor phases.
In this section, we present a study of the plasmon resonance modulation of single Au
nanoparticles on a VO2 film in the visible range at the single particle level. We observe that
the plasmon resonance of Au nanoparticles is significantly blue-shifted when the insulator-
metal phase transition of the VO2 film occurs. By performing single-particle dark-field
spectroscopy measurements at different external temperatures, we find a clear hysteretic
behavior of the Au particle plasmon resonance as a function of the temperature. More
interestingly, at a wavelength well away from the gold plasmon resonance, the scattering
intensity of Au nanoparticles also exhibits a hysteresis with a curious overshoot (“rabbit
ear” shape). We emphasize that this single-particle spectroscopy technique is ideally sui-
ted for studying size effects in the metal-insulator phase transition of VO2 nanoparticles.
It is therefore a powerful complement to single-particle and surface-enhanced Raman mi-
croscopy measurements [23, 83], due to the comparatively strong scattering cross-section
of Au nanoparticles at visible wavelengths.
4.1.2 Single-particle dark-field scattering measurements
A thin VO2 film with nominal thickness of 110 nm was fabricated on a thin (0.5 mm)
glass plate by pulsed laser ablation of a vanadium target in ambient oxygen. Subsequent
annealing of the sample in 10 mTorr of oxygen rendered the film both crystalline and
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stoichiometric [84]. Commercially purchased Au colloid particles of 100 nm diameter in
de-ionised water were spin-coated on the prepared VO2 film. Figure 4.3b shows a high-
magnification scanning electron microscopy (SEM) image of one gold colloid particle on
the VO2 film, along with a color dark-field image in Fig. 4.3c. The SEM image reveals
that the VO2 surface is rough, which results in a weak scattering background in the dark-
field image. A schematic diagram of the dark-field setup working in reflection geometry is
shown in Fig. 4.3a. The sample is illuminated by a halogen bulb (100 W), the unpolarized
white light being shone at a high angle (> 60◦) via a dark-field condenser (a 100x, NA 0.8
objective) which is also used for collecting the light scattered by the particle. A Peltier
element mounted on the sample stage was used for either heating or cooling the VO2
film, which enables the measurement of the hysteretic response of the Au particle plasmon
resonance.
Figure 4.3: (a) shows a schematic of the dark-field setup working in the reflection geometry.
(b) and (c) are typical high-magnification SEM images and true-color dark-field images.
The scattering spectra for a single Au colloid on VO2 film at low (black) and high (red)
temperature (d) were captured by this dark-field setup integrated with a CCD-based
spectrometer.
Figure 4.3d shows the scattering spectra for a single Au colloid on the VO2 film below
(T = 35 ◦C) and above (T = 90 ◦C) the critical temperature. All the spectra were ac-
quired when the temperature was stabilized. From Fig. 4.3d, it is clear that the plasmon
resonance of the Au nanoparticle exhibits a blue-shift up to 30 nm when increasing the
temperature from 35 ◦C to 90 ◦C. As the VO2 progresses through the phase transition, the
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gold nanoparticle experiences a change in its local dielectric environment, thereby causing
the plasmon resonance to shift its peak position. Compared to the scattering spectrum
at low temperature, there are two distinct features appearing in the high temperature
spectrum. First, the spectral linewidth at high temperature is narrower than that at low
temperature. Second, the scattering intensity at all wavelengths above 630 nm is lower
at high temperature than low temperature. These two observations are linked to the lift
of the degeneracy of the dipole plasmon modes oriented parallel and perpendicular to
the substrate [85] due to the reduced symmetry. This is different from a spherical nano-
particle in an isotropic three-dimensional environment that has three degenerate dipolar
resonances. Note that the real part of the complex dielectric constant of the VO2 film is
larger in its insulator phase than its metallic phase, which leads to a “spoof” broadening
of the plasmon mode at the insulator phase of VO2, resulting from p-polarized excitation
(a component of the unpolarized excitation in experiment).
4.1.3 Hysteresis of the Au plasmon resonance
To gain deeper insights into the Au plasmon resonance modulation, we measured the scat-
tering spectra for an individual Au colloid particle when heating and cooling the VO2
film at temperature intervals of 5 ◦C. By extracting the resonance wavelength from each
spectrum, we were able to map the hysteresis curve of the Au plasmon resonance as a func-
tion of the external temperature, as shown in Fig. 4.4b. We also carried out a far-field
transmission hysteresis measurement of the bare VO2 film to verify the stoichiometry and
quality of the VO2 film using an InGaAs photodetector [77]. The integrated transmission
intensity over the visible and near-infrared range is plotted in Fig. 4.4a and shows the
characteristic hysteretic response, indicating the temperature variation of the VO2 dielec-
tric function. By comparing the two figures, one can clearly see that the hysteresis curve
of Au plasmon resonance follows the transmission hysteresis of the VO2 film very closely.
At first glance, the hysteresis width in the transmission of VO2 appears rather smaller
than that in the plasmon resonance of the Au nanoparticle. However, one should not
directly compare the two curves for two reasons. First, the transmission from the bare
VO2 film was integrated by the photodetector over the wavelength range of the white
light probe, while the plasmon resonance of Au nanoparticle varies over a much smaller
wavelength range from 600 to 630 nm. The dielectric function of the VO2 film shows a
strong dependence on wavelength over the range included in the white-light spectrum [86].
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Figure 4.4: The ensemble transmission hysteresis curve of 110 nm VO2 film (a) and
the plasmon resonance hysteresis curve of a single Au colloid the film (b) as a function
of temperature. The transmission of the VO2 film was measured by using a InGaAs
photodetector when an incident beam from a tungsten lamp was focused on the sample.
The plasmon resonant wavelengths were extracted from the peaks of the scattering spectra
such as the ones shown on Fig. 1b at different temperatures. The green and blue lines in
(b) are sigmoidal functions fit to the measured data points.
Second, the transmission spectrum of the film was measured over a large area of the VO2
film, while the Au nanoparticle plasmon resonance is governed only by the local change of
the VO2 dielectric response, and is thus sensitive only to changes in the VO2 film occurring
within roughly the plasmon field decay length of order ∼ 10 - 20 nm [87]. This highly
localized response of the Au particle plasmon resonance to the change in its surrounding
dielectric environment renders the nanoparticle a sensitive probe of the size effects in the
metal-insulator phase transition of VO2 nanoparticles in the proximity of Au particles.
4.1.4 Temperature evolution of the scattering intensity
Now we turn to the aforementioned finding that the scattering intensity of the Au particle
at wavelengths above 630 nm is larger in the insulating or semi conducting phase of VO2
than its metallic phase. To have a thorough understanding of this difference, we have
plotted the temperature evolution of the scattering intensity at an arbitrary wavelength
(740 nm) in Fig. 4.5. Note that we have excluded the scattering contribution from VO2
itself by subtracting the scattered signal of the bare VO2 area in close proximity to the
Au nanoparticle for each dark-field spectrum. A peculiar behavior is now observable: the
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scattering intensity exhibits a broad hysteresis loop with an overshoot emerging before
the onset of the insulator-metal (heating) transition and after the completion of metal-
insulator (cooling) transition of the VO2 film. The overshoot is not a spike, but exhibits
a relatively symmetric shape and thus appears as ”rabbit ears” superimposed on the
hysteresis. During the heating cycle, the scattering intensity shows a maximum at Tc
around 67 ◦C. During the cooling cycle, on the other hand, the maximum intensity occurs
at a much lower temperature. A similar feature has previously been observed in a dark-
field scattering measurement of VO2 nanoparticle arrays [22]. However, in that case, the
increased scattering intensity in the vicinity of the transformation from insulator to metal
and back again was shown to be due to incoherent scattering from the nanoparticle arrays
because all the particles do not transform at a unique Tc but instead have a probability of
switching in a range of temperatures around Tc. In other words, at a certain temperature
around Tc, all nanoparticles form a mixture of insulating and metallic phases.
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Figure 4.5: Temperature evolution of the scattering intensity at λ = 740 nm. The error
bar is estimated by the fluctuation of the scattering intensity in the dark-field spectra.
Adapting this idea to the present case, note that the grain size or roughness of the
VO2 film is of the same order as the VO2 nanoparticle dimensions in Ref. [22]. Thus, the
Au nanoparticle registers an average response of the statistical mixture of insulating and
metallic grains of VO2 within the range of its plasmonic field, thereby leading to the stron-
gest scattering at a temperature different from the critical temperature. The appearance
of these maxima in the hysteresis curves highlights the extremely localized character of the
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plasmonic probe of the phase transition. Further experimental and computational inves-
tigations will be required to gain a deeper understanding of the mechanism. In addition,
we believe that this single particle plasmon resonance nanospectroscopy has the potential
to probe the interfacial or domain boundary scattering due to the high sensitivity of the
scattered light to the environment.
4.1.5 Conclusion
In conclusion, we have studied the plasmon resonance modulation of individual Au nano-
particles on a VO2 thin film by heating and cooling the system. Our results show that
the plasmon resonance has a reversible hysteresis that closely follows the transmission
hysteresis of the bare VO2 film. We have also observed that the scattering intensity at
wavelengths above the plasmon resonance exhibits a broad hysteresis loop decorated by a
nearly symmetric overshoot near both the insulator-metal and metal-insulator transition
temperatures. This can be initially understood by the hypothesis that Au nanoparticles
is probing the local, statistical variations in switching temperatures of VO2 film with
characteristic domain sizes of approximately 70±10 nm.
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4.2 Role of defects in the phase transition of VO2 nanopar-
ticles
4.2.1 Introduction
Phase-changing materials (PCMs) are being increasingly considered for nanoscale data-
storage, switching and photonics technologies. These technologies rely on the drastic
modification of electrical and optical properties of PCMs when heat, pressure, laser light
or electrical pulses are applied to overcome the energy barrier to the phase transforma-
tion [88]. As such devices are scaled down, a deeper understanding of entangled structural,
morphological, electronic and phase separation effects will be required to tailor the func-
tionality of these novel devices. In recent years, the size, surface and interface of PCM
structures have also been the subject of much attention owing to their pronounced effects
at the nanoscale. Recent examples are the observations of conduction at an insulator
surface [89], superconductivity at oxide interfaces [90] and reduced switching energies in
interfacial PCMs [91].
In this section, we investigate the interplay of nanoparticle size and defects in setting
the energy requirement for switching vanadium dioxide. Despite the simple stoichiome-
try and structure of VO2, there are many unanswered questions about its insulator-to-
metal transition, such as the mechanism of ultrafast switching [92], the origin of size- and
interface-dependent switching in VO2 nanoparticles [22,23,83,93,94], and the relationship
between electronic and structural transition in VO2 thin films [20, 95]. While results in
Refs. [83,94] show a clear size dependence, they also hint at a non-congruence in the elec-
tronic and structural signature of the thermal switching. However, the structures in these
studies were “contaminated” by the presence of a gold interface. Indeed, owing to the low
cross sections of pure VO2 nanoparticles, both in the extinction (about 10 times less than
Au nanoparticles) and Raman spectroscopy, gold was used either as a SERS agent or a
plasmonic sensor.
In order to understand how modification of surface and interface energies affects the
metal-insulator transition in VO2, we study the phase transition properties of single pris-
tine VO2 nanoparticles in an array form. Using electron-beam lithography, nanoparticle
sizes were tuned to allow the study of nanoparticles either having single grain or posses-
sing only a few grains. The effect of interface within homogeneous materials - due solely
to grain boundaries and facet mismatch - can be therefore evaluated from the switching
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characteristics of PCMs, down to the single-domain level. These nanoparticles therefore
provide an ideal model system to study the effect of grain boundaries on the phase tran-
sition.
In this work, we observe an unexpectedly severe decrease in the hysteresis width, cor-
responding to a reduced energy requirement for the phase transition, when the experiments
are performed for multi-domain nanoparticles. In order to overcome the inherently low
signal from the nanoparticles, we take advantage of the plasmonic dipolar response of
VO2 nanoparticles as they metallize near their critical switching temperature of 68
◦C.
We confirm the dipolar character of the resonance by performing three-dimensional full-
wave finite-difference time-domain calculations that show that the phase change is also
associated with a shape change. These results not only have significant implications for
understanding electronic and structural properties of PCMs at nanometer length scales,
but also shed light on the phase transition properties of polycrystalline and epitaxial thin
films in which the interaction among various crystallites may have a profound macroscopic
effect on the MIT character.
4.2.2 Fabrication and characterization of pristine VO2 nanoparticles
We fabricated arrays of nanodisks with varying lateral dimensions on the same ITO-
covered glass substrate by means of: (i) electron beam lithography (EBL: 10 kV accelera-
ting voltage, 12.5 pA beam current, nominal dosage 95 uC/cm2) in a spin-coated layer of
poly(methyl-methacrylate) (PMMA: 200 nm thick), followed by (ii) chemical removal of
the exposed regions; (iii) pulsed-laser deposition (PLD: λ=248nm, vanadium metal target,
O2 gas at 10 mTorr) of amorphous, sub-stoichiometric vanadium dioxide (VOx=1.7: 40 nm
nominal thickness); (iv) thermal annealing (450 ◦C, O2 gas at 250 mTorr for 20 minutes
only) to render the nanoparticles crystalline and stoichiometric. As the VO2 nanoparticles
crystallized during the annealing process, they also acquire some individual variations in
morphology so as to contain a single domain or few grains depending on the restriction
imposed on their volume and shape by the lithography process.
As shown from the scanning electron micrographs (SEMs) in Fig. 4.6, the largest nano-
particles (r = 105 nm) exhibit multiple grain boundaries within individual nanoparticles,
which contain point defects, dislocations and other structural imperfections. For the array
containing the smallest nanoparticles (r = 48 nm), however, the nanoparticles appear to
consist mostly of single graines. In contrast to the study in [23] which highlights the sto-
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chastic nature of the phase transition in VO2 through the study of single nanoparticle, the
work presented here aims at understanding the average effect of size and homointerfaces.
Effect of grain orientation (with respect to the substrate) is also suppressed due to the
non-preferential crystal growth orientation on glass substrate. We use ordered arrays to
enhance the signal-to-noise ratio while particle-particle interactions are minimized. This
is achieved by keeping the grating to radius ratio L/r constant and more than a factor
of 5 (L/r ∼ 6 here), which normalizes scattering cross-section per unit coverage area -
proportional to (r/L)2 - and minimizes near-field interactions [22].
Figure 4.6: Fabrication and characterization of pristine VO2 nanostructures. (a) Schema-
tics of the fabrication methods for VO2 nanostructures. (b) Scanning electron micrographs
of VO2 nanoparticles depicting integrity of the arrays. Panels (c) and (d) show the smal-
lest (r = 48 nm) and largest (r = 105 nm) nanostructures in this study, respectively. Note
the nanoparticle “individualization” caused by post-annealing process and the presence
of multiple grains/boundaries (dark lines), as indicated by the dotted arrows in (d). All
SEM images were acquired at an accelerating voltage of 3 kV and working distance of 7
mm for better resolution of surface morphology.
4.2.3 Extinction measurements and numerical simulations
The extinction spectrum of each array was acquired in an inverted optical microscope (Bru-
ker Hyperion 3000) integrated with a Fourier transformed infrared spectrometer (Brucker
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Vertex 70) as follows: (i) the 100x100 µm2 array of interest was positioned under a uniform
white-light illumination from a tungsten lamp, focused by a reflective objective (36X and
NA 0.5) onto the substrate side of the sample; (ii) light transmitted through the array
area was apertured and collected by another reflective objective (36X and NA 0.5) that
was also used to adjust the focus on the sample surface and detected by an InGaAs pho-
todiode; (iv) the reference spectrum from an uncoated area close to the particle array was
also collected for normalizing the array measurement; (v) the sample was heated or cooled
using a Peltier cooler mounted on the stage, and the measurement sequence was then re-
peated at the next temperature plateau where the focus was once again checked. Spectra
were acquired at intervals of about 3 ◦C, yielding about 30 data points per cycle for each
array. Figure 4.7 depicts the resulting intrinsic plasmonic hystereses for the arrays.
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Figure 4.7: Localized surface plasmon resonance (LSPR) monitored in VO2 nanostruc-
tures. (a) shows the typical plasmonic response of VO2 nanostructures in their metallic
(red) and insulating (black) state for the r = 105 nm nanoparticle case. For each set of
spectra, plasmonic hysteretic curves of the relative extinction intensity were plotted for
the different nanoparticle arrays under study with nominal lateral dimension of (b) r =
105 nm (c) r = 68 nm and (d) r = 48 nm. The lines, guides to the eye, were obtained by
using two sigmoidal functions.
In the metallic phase, the real part of VO2 dielectric function becomes negative around
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1.1 µm (see Fig. 4.2). According to the Fro¨hlich condition [2], in first approximation,
the dipolar plasmon resonance of VO2 nanoparticles occurs when Re[ǫV O2 ]=2ǫd, with ǫd
the dielectric constant of the nanoparticle environment. Here the effective ǫd is between
the dielectric constant of the substrate (∼ 2.25) and air (1), which leads to an expected
dipolar plasmon mode of VO2 nanoparticles in the wavelength range of 1.3 µm and 1.8 µm,
consistent with the experimentally observed response of the nanoparticles in Fig. 4.7a.
Figures. 4.7b-d present hysteresis curves of the relative extinction, defined as the difference
between the two extinction values at the on-resonance wavelength and an off-resonance
wavelength (1100 nm in this study), for arrays of nanoparticles with different lateral
dimensions. It is seen from the Figure that the hysteresis width decreases substantially
as the particle radius increases. This trend can be understood by the fact that defects
and dislocations around the grain boundaries in bigger nanoparticles (see Fig. 4.6) act as
nucleation sites for heterogeneous nucleation of the phase switching process, thus reducing
the energy requirement as quantified by the width of the hysteresis.
The dipolar resonance red-shifts with increasing particle radius as plotted in Fig. 4.8c.
In order to gain deeper understanding of this dependence, numerical simulations were car-
ried out using Lumerical FDTD Solutions. In addition to the study of the dipolar mode,
we also use these simulations to gain insights on the behavior of the other resonance ap-
pearing in the visible range as observed in Ref. [22]. FDTD calculations simulated a single
VO2 nanostructure of varying radial dimensions with periodic boundary conditions and
grid meshing size of 2 nm. While one monitor was placed 300 nm above the nanostructure
to record transmission of the white-light pulse, another monitor 2 nm above the particle
was used to record the spatial near-field distribution. Owing to the “individualization”
of the nanostructures, two independent sets of simulations were carried out to correlate
the reshaping effect of post-annealing process on the nanostructure plasmonic response.
The first set of simulations calculated the response of hemispherical nanoparticles, and
the second set simulated flat nanodisks. Both structures have the same 32 nm thickness,
measured by AFM for each array.
The simulated spectra in Fig. 4.8a clearly reproduces the heavily damped dipole re-
sonance of metallic VO2 nanoparticles (red curves) in the near infrared (NIR) region. As
the nanoparticle size increases (from 100 nm to 210 nm in diameter), we observe the cha-
racteristic redshift which is associated with an increase of size in plasmonic nanoparticles.
Moreover, the simulation is consistent with previous experiments [22], with greater scat-
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Figure 4.8: Electromagnetic response of VO2 nanostructures from FDTD simulations.
(a) Extinction spectra of VO2 hemispheres in their metallic (red) and insulating (100
nm only shown, blue) states. (b) Nanoscale spatial distribution of electromagnetic fields
at wavelengths of 1550 nm and 410 nm for metallic VO2 nanoparticles depicting the
two resonance modes of the system. (c) Plasmon resonance wavelength as a function of
particle diameter for the two sets of simulations (hemispheres and disk-like structures).
Experimental measurements superimposed in red.
tering amplitude in the visible for the nanoparticle in its insulating state (only shown for
the 100 nm insulating VO2 nanoparticle - blue curve). The dipolar character of the NIR
plasmon resonance is confirmed by the electric-field distribution shown in Fig. 4.8b. Note
that the field distribution (bottom panel in Fig. 4.8b) for the resonance in the visible
also shows a dipolar character but with a much weaker field amplitude, being consistent
with its essence of the lowest-order Mie resonance as calculated in [22]. As the NIR di-
polar resonances are plotted for the two sets of simulations in Fig. 4.8c, we find that
the simulated hemispheroidal nanoparticles better fit the experimental results for smaller
nanoparticles. However, as the nanoparticle size increases, the discoidal simulations agree
better with experiments. This suggests that post-annealing process tends to round off the
smaller nanoparticles while retaining the original disk-like shape for bigger ones, possibly
due to the variation in wetting behavior for larger-area disks [84].
4.2.4 Hysteresis width comparison for structural and electronic signa-
ture
In order to gain insight into size and interface effects on switching, we plot in Fig. 4.9
the hysteresis width of the electronic (circles) and structural (squares) phase transitions
as a function of VO2 volume for nanoparticle and thin-film samples grown using the same
pulsed-laser deposition protocol. First, one can clearly see that the structural signature
usually has a larger hysteresis width than its electronic counterpart, both in the pristine
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(green, black and red) and gold-interfaced (yellow) VO2 system. Since this phenomenon
occurs even at single domain level, one might attribute this non-congruence to the in-
trinsic structure of VO2. From a thermodynamic perspective, such discrepancy makes
sense as atomic rearrangement should indeed have a higher energy cost than electronic
reconstruction. The effect of boundaries, when one transitions from single to multi-domain
nanoparticles, is to diminish the difference. However, in highly oriented epitaxial films,
the evidence of substantial non-congruence is retrieved, as shown in Fig. 4.9 (film sec-
tion). The presence of either a gold-VO2 interface or a homointerface (e.g. VO2-VO2 grain
boundary) narrows the hysteresis width drastically. Indeed, in single-domain regime, for
example, a gold-VO2 interface reduces the hysteresis width by about 25 K and 18 K for
structural and electronic transitions, respectively. In addition, the slopes for the electro-
nic and structural signature parallel each other in both single- and multi-domain regimes.
This suggests a direct relationship between the number of intrinsic nucleation sites and
the switching energy requirement for the nanoparticle in a given size range.
Figure 4.9: Hysteresis widths as a function of VO2 volume for three distinct regions: single-
domain and multi-domain nanoparticles and film, separated by bold, vertical dotted lines.
Circles and squares represent data collected from electronic (extinction or scattering) and
structural (Raman or XRD) measurements, respectively. In the single- and multiple-
domain regimes, data were extracted from Refs. [22] (circles, red border, black fill), [23]
(square, green fill, black border), [83] (squares, yellow fill, black border), and [94] (circles,
yellow fill, black border). In the film region (green and red fill) data were extracted from
Ref. [96] while the yellow square and circle fill points were obtained from Ref. [83]. The
lines are only used as guide for the eyes.
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4.2.5 Conclusion
In conclusion, we have demonstrated that plasmon resonance spectroscopy is an exquisitely
sensitive method for probing the intrinsic effects of sizes and defects in the phase-transition
of VO2. By combining lithography fabrication of nanostructures at the length scale charac-
teristic of the phase-separated materials with a proper post-annealing process to crystallize
and heal the structure from defects, a systematic study on the effects of sizes and defects
at grain boundaries of VO2 is achieved. Our results have shown the co-effects of sizes
and grain boundaries on the switching characteristic of VO2 nanoparticles. The increased
amount of defects and dislocations at grain boundaries modifies the phase-changing pro-
perties of the system dramatically. The implications of these results are twofold. First,
since VO2 was used here only as a model material exhibiting an insulator-to-metal tran-
sition, defect engineering could offer a novel method for tailoring any general first-order
phase transition by preferential nucleation at certain locations. Second, one could also
envision an ensemble of nanoparticles of different sizes within a single device, the pro-
perties of which could be triggered individually and selectively, depending on the state
of an engineered interface or defect content. This opens the door for domain boundary
engineering, which could be crucial to the development of nanoscale devices activated by
phase transitions.
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4.3 LSPR modulation in hybrid Au::VO2 nanostructures
From a practical point of view, the larger the modulation of the resonance wavelength, the
better the performance of a plasmonic modulator. To achieve this aim, we can use hybrid
Au::VO2 single nanoparticles that are expected to show a larger spectral shift of Au LSPR
than the system of a Au nanoparticle on a VO2 film due to the benefit of the reduced
VO2 substrate effect [97]. For this purpose, we have used the Lumerical FDTD code
to examine the resonance shift of Au nanoparticles in three different hybrid geometries,
including VO2::Au, Au::VO2 and VO2::Au::VO2 on glass substrate as shown in Fig. 4.10.
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Figure 4.10: (a)-(c) Plasmon resonance of single Au::VO2 hybrid nanoparticles in three
different configurations (see insets for respective schematics) as a function of nanodisk dia-
meter. Each layer has a thickness of 30 nm. The inset in (a) shows extinction cross-section
of single Au::VO2 nanoparticle of 160 nm diameter on glass substrate under metallic and
insulating phases of VO2. (d) Modulation amplitude as a function of nanodisk diameter
for these three hybrid nanoparticles.
As shown in Fig. 4.10, simulations clearly predict large spectral shifts of Au plasmon
resonances in Au::VO2 hybridized nanoparticles. Figures 4.10a-c depict the evolution of
LSPR of three different configurations (see insets) as a function of nanodisk diameter
under both metallic and insulating phases of VO2. The inset in Fig. 4.10(a) shows
typical extinction spectra of Au::VO2 nanoparticles for two different phases. It is clear
that the plasmon resonance shift of the hybrid system under the phase transition of VO2
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increases with the nanodisk size. We have summarized the plasmon modulation of three
configurations in Fig. 4.10d. As can be seen that VO2::Au::VO2 triple-layer nanodisk
shows the largest modulation (a spectral shift of up to 220 nm for 240 nm diameter
nanodisks) while VO2::Au double-layer nanodisk exhibits the smallest modulation (120
nm for 240 nm diameter). The small spectral shift in VO2::Au is due to the contact of the
Au nanodisk with the glass substrate that is supposed to have no change in its dielectric
function associated with the temperature change.
In experiments, we have fabricated hybrid Au::VO2 nanoparticles in 100x100 µm
2
arrays with a grating constant of 1 µm on ITO-coated glass substrates by following a
standard electron-beam lithograph process and thin film depositions [98]. A PMMA layer
of 115 nm thick was spin-coated on the substrate and subsequently patterned with an
electron-beam of 10 keV accelerating voltage and 11 pA beam current. The exposed areas
were removed by the chemical developer MIBK/IPA and the sample was then coated
with a 40 nm VO2 film by pulsed laser deposition and a 20 nm Au film by electron-beam
evaporation. A chemical lift-off process of remaining PMMA, VO2 and Au films resulted in
single hybrid Au::VO2 nanoparticles on the substrate. A further thermal annealing process
at 450 ◦C for around 20 minutes created stoichiometric and crystalline VO2 nanoparticles.
Figure 4.11 displays the SEM images of fabricated hybrid Au::VO2 nanoparticle arrays
before and after the annealing process. Prior to annealing, the nanoparticles conform to
the expected dimensions of the lithographic pattern (see Fig. 4.11a); however, during
annealing, the top Au layer of the hybrid nanoparticle shrinks its lateral dimension (see
Fig. 4.11b) and experiences a redistribution of its volume due to the surface tension in
the Au overlayer.
Figure 4.11: SEM images of hybrid Au::VO2 nanoparticle arrays before (a) and after (b)
annealing at 450 ◦C for 20 minutes. Au and VO2 nanoparticles are 20 and 40 nm thick,
respectively. The scale bar in both (a) and (b) is 2 µm.
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We have carried out white-light extinction measurements for arrays of hybrid Au::VO2
nanoparticles with different dimensions at the room-temperature insulator phase and high-
temperature metallic phase of VO2. Typical extinction spectra are displayed in Fig. 4.12a
for hybrid nanoparticles with diameter of 103 and 148 nm. Consistent with our simulation
predictions, nanoparticles with a larger lateral dimension exhibit a substantially larger
plasmon resonance shift under the phase transition of VO2. This observation can be natu-
rally understood by the fact that the difference in the real parts of dielectric permittivities
of VO2 at its metallic and insulator phases increases with the wavelength (see Fig. 4.2a).
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Figure 4.12: (a) White-light extinction spectra for arrays of hybrid Au::VO2 nanoparticles
of 103 nm and 148 nm diameters (measured after the annealing process) at room tempe-
rature (black and green lines) and high temperature (red and blue lines). (b) Plot of the
plasmon resonance shift for Au::VO2 nanoparticles as a function of the particle diameter.
As a proof-of-concept experiment, the fabrication conditions of these hybrid nanopar-
ticles have not yet been optimized and the extinction measurements were performed with a
simple home-built transmission setup that generated pronounced noises on the extinction
spectra (see Fig. 4.12a). At this stage, we are exploring the optimal conditions for making
hybrid nanoparticles of different configurations as studied in Fig. 4.10. Extinction measu-
rements using FTIR (to ensure a good signal-to-noise ratio) and scattering measurements
using dark-field spectroscopy (to enable single-particle detection) will be carried out for
arrays of hybrid nanoparticles and for individual nanoparticles, respectively.
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4.4 Strain evolution in ferroelectric thin films
4.4.1 Introduction
Ferroelectric thin films have demonstrated potential for a wide range of applications such
as electro-optic devices, high dielectric-constant and charge-density capacitors, un-cooled
infrared detectors [99, 100] and memory transistors [101, 102], all of which are highly de-
pendent on the film dielectric properties. Indeed, it is well known that strain in ferroe-
lectric films plays an important role in influencing their dielectric response [24, 25] and
ferroelectric transition temperature [103]. This strain can result from lattice misfit or
thermal expansion mismatch between the film and the underlying substrate, as well as
oxygen vacancies. There have been a number of reported observations of strain relaxation
in ferroelectric thin films using reflection high-energy electron diffraction (RHEED) [26],
high-resolution transmission electron microscopy (HRTEM) [27] and high-resolution X-ray
diffraction (HRXRD) [28]. For example, RHEED has been used for real-time monitoring
of strain relaxation in SrTiO3 (STO) thin films and a critical thickness for complete strain
relaxation of 50 - 250 nm was extracted depending on the substrate and deposition tem-
perature [26]. HRTEM has been used to study the growth dynamics and strain relaxation
mechanism in BaTiO3 thin films and revealed a multilayer structure, each layer with a
different morphology, residual strain and defect density [27]. Although these techniques
are capable of directly observing strain evolution in ferroelectric thin films at the nanoscale
and even at atomic level, they are not able to evaluate the effect of strain on the dielectric
response or optical constants. These, however, are the most important parameters for a
number of opto-electronic applications. Here we show that in addition to revealing the op-
tical constants of the as-grown films, spectroscopic ellipsometry serves as a non-destructive
technique for extracting the strain profile of epitaxially-grown ferroelectric thin films.
Spectroscopic ellipsometry is widely used as a non-destructive technique to measure
film thicknesses and optical constants. There have been, for example, ellipsometric studies
of the optical properties of polycrystalline BaxSr1−xTiO3 films on metal-coated substrates
[104–106] and glass [107]. In these cases, the films were deposited by either RF magnetron
sputtering, metal-organic chemical vapor deposition or the sol-gel method. Strain is absent
in the resulting polycrystalline BaxSr1−xTiO3 thin films, but the refractive index was
found to depend on the film composition, film thickness, deposition temperature and post-
annealing conditions. To our knowledge, however, there have been no reports on the effects
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of strain on the optical properties of ferroelectric thin films prepared on single-crystal
substrates. In this work, we use variable angle spectroscopic ellipsometry to extract the
optical constants of the strained and relaxed layer as well as their respective thicknesses,
as a function of the total growth thickness. Moreover, we show that the complicated
strain and surface profile obtained preclude a single-layer model for the optical constants
of Ba0.5Sr0.5TiO3 (BSTO) thin films and illustrate some of the potential pitfalls associated
with single-wavelength ellipsometry, reflectance and other optical techniques that cannot
assess film homogeneity [108,109].
From ellipsometric modeling of different thickness films grown on (001) MgO sub-
strates, we extract a critical thickness above which the established in-plane tensile strain
collapses and relaxes completely and a bulk-phase layer with a smaller index of refraction
than that of the strained layer starts to grow. The observed critical thickness is compa-
rable to that found in previous RHEED studies [26]. Further studies were made for BSTO
films grown on different single crystal substrates: (001) LaAlO3 (LAO), (001) STO and
(001) (La0.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT). These studies reveal that for films grown on
different substrates, the refractive index of BSTO decreases for substrates showing higher
in-plane compressive strain. Indeed, we show that strain engineering obtained by tuning
the lattice mismatch can be used to control the film optical properties.
4.4.2 Preparation and Characterization of BSTO films
The BSTO thin films used in this study were prepared on a variety of 5x5 mm2 single
crystal substrates by single-target pulsed laser deposition (PLD). A KrF excimer laser
248 nm with a fluence of 0.8 J/cm2 was used to deposit BSTO thin films at an oxygen
pressure of 300 mTorr. During growth, the substrate temperature was kept at 740 ◦C
and the total film thickness was controlled by fixing the number of laser pulses hitting
the target. After growth, the films were slowly cooled to room temperature in an oxygen
rich atmosphere (760 Torr) [110]. The surface morphology and crystal structure of the
prepared films were characterized by atomic force microscopy (AFM) and X-ray diffraction
(XRD), respectively.
Figure 4.13 shows the AFM surface profile for two BSTO films of different thicknesses
deposited on MgO. As can be seen from the images, both films are dense and fine-grained
with a uniform grain size, indicating that BSTO films have a well-defined microstructure.
The root mean square (RMS) and peak-to-valley roughnesses measured over a 1.5x1.5 µm2
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area increase from 1.9 nm to 5.6 nm and from 16.0 nm to 66.2 nm, respectively, for the 37
nm and 220 nm-thick films shown in Fig. 4.13. The peak-to-valley values measured for all
of the BSTO films grown in this study were consistent with the surface layer thicknesses
used in the ellipsometric modeling.
Figure 4.13: AFM surface morphology images of 37 nm (a) and 220 nm (b) BSTO films.
The scale bar in both images corresponds to 500 nm. Note the difference in color scales.
They are 0-20 nm in (a) and 0-60 nm in (b), respectively, chosen to show the best contrast.
Figure 4.14a shows the Bragg-Brentano XRD patterns for BSTO films of different
thicknesses grown on MgO substrates. Only peaks corresponding to the (00l) crystallo-
graphic planes are observed (l=1 to 4), confirming the epitaxial nature of the BSTO films.
The 2θ range shown is chosen to emphasize the diffraction peak shift and the emergence
of a second peak for increasing film thickness. We find that the 68 nm and 110 nm-thick
BSTO films have a single symmetric (002) peak that can be well fit to a Gaussian function,
while the peaks for thicker films exhibit a substantial shift to smaller angle and appear
significantly broadened. These peaks appear to form a doublet and can be fit using a su-
perposition of two Gaussians with one peak centered close to the thinner film position and
the other located at a smaller angle. This is emphasized in the inset of Fig. 4.14a showing
a magnified version of the (002) diffraction peaks for the 68 nm and 220 nm-thick films.
The c-parameter for each film was calculated from the measured (00l) peak positions [111]
and is shown in Fig. 4.14b as a function of film thickness. In the Figure, BSTO films
thinner than 171 nm are represented with one lattice parameter c1, while thicker films are
represented with two effective lattice-spacings c1 and c2 with c2 > c1. This proposition
agrees with our ellipsometry measurements, and serves as a guide for interpretation of our
ellipsometry model.
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Figure 4.14: XRD patterns of BSTO films of different thickness (a) and the calculated
c-parameter as a function of film thickness (b). The inset in (a) shows an enlarged view
of (002) peaks for 68 nm and 220 nm BSTO films.
4.4.3 Spectroscopic ellipsometry measurements
Variable angle ellipsometry measurements were made in the standard reflection geometry
with a rotating analyzer configuration. In all cases, measurements were carried out for
three incident angles (65◦, 70◦ and 75◦) in the wavelength range 400-1600 nm, with a 10
nm step. The lower wavelength of 400 nm was chosen to avoid spectral overlap with the
absorption band of BSTO [104–108]. This allows the refractive index to be well described
by a Cauchy dispersion model. A least squares fit to the data was performed and a mean
squared error (MSE) was used to evaluate the quality of the fit. Although, in principle,
strain is expected to lead to weak uniaxial anisotropy, isotropic models were used for
all of the layers. Inclusion of anisotropy was not found to substantially improve the fit.
Therefore, the reported refractive indices here can be assumed to be more closely related
to the in-plane refractive index of BSTO. A constant refractive index was assumed for the
surface layer to account for surface roughness and surface relaxation. All data analysis
was performed using WVASE32 software (JA Woollam).
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Figure 4.15 shows the measured ellipsometry data, at an incident angle of 65◦, for
37 nm, 68 nm and 110 nm-thick BSTO films grown on MgO. The two parameters given
in the Figure, Ψ and ∆ describe, respectively, the amplitude ratio and phase change of
the incident light polarization upon reflection from the sample. The fit, which is also
shown in the Figure, was created using an optical model consisting of one homogeneous
layer modeled by a Cauchy dispersion profile and a surface layer to account for surface
roughness and surface relaxation (see the inset of Fig. 4.15b). To reduce parameter
correlations and to obtain a suitable fit confidence, a single set of Cauchy parameters for
each layer in a given configuration (two or three layers) was fit simultaneously to all of
the relevant data. In addition, the resulting thicknesses were confirmed by profilometer
measurements suggesting that our approach is indeed justified.
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Figure 4.15: Measured (dashed lines) and fit (solid lines) ellipsometry data Ψ (and ∆ in
the insets) for BSTO films of different thicknesses. The inset in (b) shows the optical
model used to do the fittings. The model consists of a strained layer implemented with a
Cauchy dispersion profile and a surface layer characterized by a constant refractive index.
As is evidenced by the good agreement between the measurement and the modeling
in Fig. 4.15a, an optical model consisting of one Cauchy layer and a surface layer is
able to account perfectly for the measured data for the three measured films, resulting
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in a small MSE value equal to 9.8. We emphasize that the inclusion of a low-index
surface layer is essential to obtain a good agreement for all three thicknesses, regardless of
whether a global or individual fit is performed. This points to a potential pitfall of using
optical techniques that cannot accurately assess the homogeneity of each layer. XRD
measurements highlighted the fact that thin films (<171 nm) consist of a single strained
layer. Indeed, this is confirmed by the quality of the fits shown in Fig. 4.15a. Figure
4.16a shows the refractive index obtained for thinner films (37 nm, 68 nm and 110 nm)
extracted by the simultaneous fitting of nine sets of Ψ and ∆ (three films measured at
three incident angles) based on the model described above (see the inset).
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Figure 4.16: Refractive indices obtained by simultaneously fitting ellipsometry data for
three thin films of BSTO on MgO (a) and for the strained layer (thickness t1) and the
relaxed layer (thickness t2) obtained by fitting data for thicker BSTO films (b). The two
different optical models used are shown in the insets. The tables summarize the thickness
of each layer extracted from the models for each film with a total thickness t (shown in
the first column).
For film thicknesses above 171 nm, however, the modeled data (both Ψ and ∆) show
a large deviation from the measured values as depicted in Fig 4.15b, resulting in a global
MSE equal to 73. This suggests that a single Cauchy layer and surface layer are no longer
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sufficient to describe the optical properties of thick BSTO films. The optical properties
must be graded in some fashion, or in a simplified model consist of two or more layers
with different refractive indices. As suggested by XRD observations for thicker films, we
can construct a three-layer model to describe these films in which a relaxed layer with
lattice parameter c2 is sandwiched between a strained layer with lattice parameter c1 and
the surface layer. Figure 4.16b displays the refractive indices for the strained layer and
relaxed phase obtained by performing a global fit of the ellipsometric data for thicker
BSTO films (171 nm, 220 nm and 265 nm) to such a model, resulting in a significantly
reduced global MSE equal to 24. As can be seen from the figure, the index of the strained
layer is substantially larger than that of the relaxed layer, but close to the one obtained
for thinner films. The tables in Fig. 4.16 summarize the thickness of each layer extracted
from the models. From the fits, we find that the strain present in the thicker films is
constrained to approximately the first 60 nm.
4.4.4 Strain evolution with film thickness
Since the ellipsometric modeling is capable of accurately determining the thickness of each
layer in the film, we can now confidently take advantage of the results to study the strain
evolution with film thickness. Figure 4.17 shows the thickness of the strained layer, for
growth on MgO, as a function of the total BSTO film thickness. We find that the strained
layer thickness initially increases with the total growth thickness, collapses above a critical
thickness of 170 nm, and then eventually saturates. The critical thickness we have identi-
fied here is comparable to the value determined for STO films by RHEED measurements
in Ref. [26]. In contrast to RHEED, however, the ellipsometer measurements also allow
us to determine the strained layer thickness after relaxation.
The thickness dependence of the strained layer paints a comprehensive picture of the
growth dynamics of epitaxial BSTO thin films on lattice mismatched single crystal sub-
strates. During the growth process, the BSTO film undergoes tensile strain in the plane
parallel to the MgO substrate surface due to the fact that the in-plane lattice constant
of MgO (a = b = 4.212 A˚) is larger than that of BSTO bulk phase (4.004 A˚). Note that
the in-plane lattice constant of the cubic BSTO bulk phase is assumed to be the same as
the lattice parameter measured by XRD of the source material (the PLD target). The in-
plane tensile strain in BSTO films caused by the MgO substrate reduces the out-of-plane
lattice parameter as observed in Fig. 4.14. This tensile strain persists with increasing
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Figure 4.17: Plot of the strained layer thickness as a function of the total film thickness
obtained from ellipsometry.
film thickness, but further growth creates additional dislocations and defects which relax
the residual strain in the structure. As the film thickness reaches a critical value ( 170
nm in our case), the defect density is sufficient for the strain to fully relax. This process
results in a sudden decrease of the strained layer thickness (see Fig. 4.17) and a significant
increase of the out-plane c-parameter (see Fig. 4.14) for thicker films. Further deposition
results in a thickening of the relaxed layer corresponding to the second peak at a smaller
angle observed in the XRD patterns and the new lattice spacing c2 discussed above.
4.4.5 Strain relaxation monitored by the change in optical constants
The observations for BSTO grown on MgO substrates suggest that strain engineering is
a flexible means to modify and control the optical response of epitaxial BSTO films. For
this purpose, three pairs of BSTO films with thickness below the critical thickness were
deposited on single crystal substrates with different lattice parameters: LAO (a = b =
3.791 A˚), LSAT (a = b = 3.872 A˚) and STO (a = b = 3.905 A˚). For all of these, in-
plane compressive strain is expected. The out-of-plane lattice parameter for each film was
measured by XRD. Strain relaxation is expected to dominate in BSTO films deposited
on LAO due to the large lattice mismatch of 5.96% (see Fig. 4.18) while films on STO
substrates are likely to show a lower strain relaxation due t
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for the case of thin BSTO films on MgO, a global fit to the ellipsometry data was performed
for each film/substrate combination (two films per substrate) using the simplified model
of Fig. 4.15b.
Figure 4.18 shows the refractive index obtained for BSTO films grown on the different
substrates. It can be seen that the BSTO refractive index decreases with increasing lattice
mismatch between substrate and film (i.e. with an increase of the compressive strain).
This trend is consistent with the observation that, on MgO, the refractive index of the
relaxed layer is smaller than that of the (tensile) strained layer. In addition, a larger
lattice mismatch reduces the total thickness required for the film to relax and the range
of validity of the single-layer model. Note that our observation that the refractive index
decreases with increasing in-plane compressive strain is consistent with previous studies
of the microwave permittivity of strained BSTO films [112].
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Figure 4.18: Refractive indices for BSTO films grown on LAO, LSAT and STO single
crystal substrates. The percentages values quoted are calculated by the expression (αfilm−
αsub)/αsub. αfilm and αsub are the in-plane lattice constants of the bulk BSTO and the
different substrates, respectively. The refractive index is found to decrease for increasing
in-plane compressive strain.
4.4.6 Conclusion
This study has demonstrated that spectroscopic ellipsometry can be used as a sensitive
and non-destructive probe to monitor strain relaxation in ferroelectric BSTO thin films
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and assess the effect of strain on the film dielectric response. We have identified a critical
thickness of 170 nm for strain relaxation in films grown on MgO and found that the refrac-
tive index of the strained layer is substantially larger than that of the relaxed phase. Our
results have shown that ellipsometry can accurately model the complex strain evolution
in epitaxial BSTO thin films, and extract the strained layer thickness for post-relaxation,
but that a model consisting of a minimum of 3 distinct layers is required. In addition,
studies of films grown on different lattice-mismatched substrates have revealed that the
BSTO refractive index decreases with increasing lattice mismatch, suggesting that strain
engineering is a flexible means to control the film dielectric response.
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The electro-optic (E-O) effects of dielectric thin films have already been widely studied
for use in E-O modulator and optical waveguide applications. A number of ferroelectric
oxide thin films have been investigated as promising candidates for electro-optic applica-
tions, including lanthanum-modified lead zirconate titanate (PLZT), Bi4Ti3O12, lead zir-
conate titanate (PZT) and strontium barium niobate (SBN) [113,114]. Perovskite barium
strontium titanate (BaxSr1−xTiO3 or BSTO) thin films have also attracted considerable
interest due to their large electro-optic coefficient (the slope of the birefringence change
as a function of the applied electric field), whose normal refractive index is determined by
the coefficient x. For example, the normal refractive index of RF sputtered BSTO thin
film can be modulated from 2.2 to 1.9 by varying x from 0 to 1 [115] at 632.8 nm wave-
length. On the other hand, either the ordinary (no) or the extraordinary (ne) refractive
index of BSTO with a specific value x can also be electro-optically controlled via field
induced birefringence by applying a voltage across the film (known as Kerr electro-optic
effect). A difference between the two indices ∆n up to 0.09 has been observed at 632.8
nm wavelength for epitaxial Ba0.6Sr0.4TiO3 thin film in an external electric field of up to
50 kV/cm [116]. This double modulation of refractive index enables BSTO thin film to
be versatile in active plasmonics.
Previously, Mu¨ller et al have investigated LSPR modulation by embedding Au nano-
particles in an electro-optically controlled liquid crystal with an ordinary refractive index
no = 1.5211 and extraordinary index ne = 1.7464 [117]. The plasmon resonance of a single
spheroidal gold nanoparticle in liquid crystal red-shifted by up to 50 meV ( 16 nm) by
applying an electric field higher than 10 kV/cm. Recently, a cyclically active modulation
of LSPR up to 34 nm has been demonstrated for a large number of gold nanoparticles
embedded in a PZT composite films under the application of 500 kV/cm external electric
field [118]. More recently, Dicken et al have demonstrated dynamic control of the surface
plasmon polaritons wavevector in thin film barium titanate (BaTiO3) plasmonic interfe-
rometers via electro-optic modulation of BaTiO3’s refractive index (∆n = 0.03 at 688
nm wavelength) [119]. They found that plasmon-mediated transmission of incident light
through the subwavelength slits was modulated by an amount of 10% due to the change of
SPP wavevector when applying an external electric field of 1000 kV/cm across the barium
titanate thin film.
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Compared to the phase transition materials (such as VO2 and liquid crystals), however,
the difficulty of using ferroelectric thin films as active media for plasmonic modulation lies
in the small change of their indices that usually results in a less perceivable change in the
plasmon response. Thus, an optimization of the plasmonic nanostructures under study
is crucial to have a significant modulation. To achieve a large spectral shift of plasmon
resonance with such a small change to the index of BSTO thin films, particularly for our
purpose, we have numerically investigated the LSPR modulation of a Au nanodisk on a
BSTO film. Figure 4.19 shows the extinction spectra of Au nanodisks on 200 nm BSTO
film with different index values on magnesium oxide (MgO) substrate. Under an excitation
polarization parallel to the surface of the nanodisks, the localized plasmon resonance is
more sensitive to the change of the in-plane index, i.e. no, when applying the electric field
across the BSTO film in the thickness direction. With an increase of 0.109 in the in-plane
index of the BSTO film, the plasmon resonance of 10 nm thick Au nanodisk with 100 nm
diameter shows a red-shift up to 36 nm as shown in Fig. 4.19b. However, Au nanodisks
with a larger thickness (30 nm in Fig. 4.19b) exhibit a much smaller resonance shift under
the same amount of the index change because the localized plasmonic field cannot spread
to the substrate over a large area, thereby leading to an inefficient sensing to the index
change of the substrate.
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Figure 4.19: LSPR modulation of a Au nanodisk with 30 (a) and 10 (b) nm thickness on
200 nm BSTO film by electro-optically controlling its index on MgO (ǫ = 3.2) substrate.
The diameter of Au nanodisk is kept as 100 nm.
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At this stage, we have three experiments ongoing. The first one is to use our spec-
troscopic ellipsometry technique to characterize the field-induced birefringence behavior
of BSTO thin films over the whole visible and near infrared range (up to the wavelength
of 1.6 um) and extract the exact values of ne and no at each wavelength. As discussed
above, previous studies on the field-induced birefringence in BSTO films were only able to
measure the index difference ∆n at a single wavelength (632.8 nm for example) by means
of the Se´narmont method [120]. Thus, important and useful information for plasmonic
modulation purpose are not available.
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Figure 4.20: Measured ellipsometric data Ψ at 70◦ incidence for 230 nm BSTO film sand-
wiched between 51 nm SrRuO3 and 11 nm Au film under the cycle of increasing (a) and
decreasing (b) the bias across the device. The inset in (a) is an enlarged view of Ψ in a
narrower wavelength range. The inset in (b) shows the cross-section view of the measured
structure.
Figure 4.20 shows our preliminary results of the measured spectroscopic ellipsometric
data for 230 nm BSTO film under the cycle of increasing and decreasing bias voltage. A
substantial change in Ψ in the near infrared wavelength range can be seen when increasing
the bias from 0 to 30 V (equivalent to an electric field of 1300 kV/cm, see the inset of Figure
4.20a). The measured Ψ curve gradually returns to its original state when decreasing the
bias to 0 V (see Figure 4.20b). A careful comparison between the two figures shows that the
modulation amplitude of the Ψ in the cycle of decreasing the bias is slightly smaller than
that for the cycle of increasing the bias. This difference can be attributed to the hysteresis
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effect of domain relaxation in BSTO films [121]. Though we have clearly observed the
change in the measured ellipsometry data, constructing an appropriate optical model to
extract the corresponding refractive index of BSTO turns out to be very difficult due to
the existence of several interfaces and the strain effect of BSTO in this complex multi-layer
system. To avoid the difficulties in modeling the measured ellipsometry data, we need to
design a simpler system whose optical response can be readily described by a sophisticated
optical model.
The second experiment is to produce well-defined Au nanodisks on BSTO films by
electron-beam lithography and characterize their plasmon resonances by single-particle
dark field microscopy as described in Chapter 2. Coplanar type electrodes will be used to
apply the bias-voltage across the film in the horizontal direction for modulation purpose.
The third ongoing experiment is to make individual MIM-based double-slit plasmonic
interferometers and measure the plasmon-mediated transmission over the whole visible
and near infrared range. In this structure, vertical type electrodes (as shown in the inset
of Fig. 4.20b) will naturally be the top and bottom metal layers for applying the bias-
voltage across the film thickness direction. Initial measurements (not shown in this thesis)
in this configuration are promising.
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To briefly conclude, this chapter has shown how to thermo-optically and electro-optically
modulate localized surface plasmon resonances of metal nanoparticles on VO2 and BSTO
thin films by using either phase transition or electro-optically induced change in the optical
constants. Localized surface plasmon resonance in pristine VO2 nanoparticle arrays and
hybrid Au::VO2 nanoparticles have also been used to probe the effects of sizes and defects
in the metal-insulator phase transition of VO2. Spectroscopic ellipsometry technique has
been used to study the strain evolution in BSTO films and establish a relation between
the lattice misfit induced strain and the film optical constants. We have also shown our
preliminary results of bias-controlled modulation of the spectroscopic ellipsometry data
for BSTO films. Standing on the basis of these initial measurements, we have numerically
optimized the dimension of Au nanodisks on BSTO films to achieve the largest resonance
modulation. We have designed three experiments based on the electro-optic modulation
of the BSTO index and the experiments are ongoing at this stage.
Chapter 5
SPP Lifetime Studies and
Biosensing Applications
In this chapter, we study surface plasmon polariton lifetimes in two-dimensional arrays
of blind holes on gold surfaces. The lifetimes are determined from the linewidths of the
resonant dips appearing in the specular reflection spectra. We find a strong dependence of
lifetimes on the resonant wavelength and the hole geometry. Through both experiments
and numerical simulations, we analyze the validity of the Rayleigh approximation and also
explore the range of wavelengths and geometric parameters where it fails. We show that
the behavior of surface plasmon polariton lifetimes can be understood as resulting from
the interplay between the intrinsic metal absorption and the scattering of surface waves by
single isolated holes. Finally, based on the above observations we choose an optimized geo-
metry with the longest lifetime (the narrowest spectral linewidth) as a plasmonic biosensor
to numerically and experimentally investigate its refractive index sensitivity and overall
figure of merit. We find that the measured FOM is high up to 101 at optical frequencies
due to extremely narrow SPP resonances. We point out that the experimentally obtained
FOM can be further enhanced to about 160 as expected from simulations by improving
the quality of fabricated nanohole arrays.
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5.1 Geometry dependence of SPP lifetimes in nanohole ar-
rays
5.1.1 Introduction
Since the experimental observation of the phenomenon of extraordinary optical transmis-
sion [122] and the theoretical demonstration of the occurrence of superlensing in negative
index materials [123], many research efforts have been focused on exploring how surface
plasmon polaritons (SPPs) allow the control of the flow of light at the nanoscale [56]. The
emerging field of plasmonics [2] encompasses all these studies devoted to explore the inter-
action of light with metal nanostructures and aims to exploit the ability of SPPs to confine
and transport electromagnetic (EM) energy in the subwavelength regime [14,124–126]. In
this context, the scattering of SPP modes at subwavelength metallic defects has become
an object of intense study, being investigated both theoretically and experimentally [127].
The scattering of SPP modes on two-dimensional (2D) metallic nanostructures was
firstly studied within theoretical frameworks which model the polarizability of the scat-
terers by their dipolar quasi-static value [128–130]. Note that this is equivalent to the
so-called Rayleigh approximation [33], which is only valid for scatterers whose dimen-
sions are much smaller than the incoming wavelength. Subsequently, novel approaches
have been developed overcoming this limitation, which has allowed the treatment of more
complex scattering geometries [131, 132], and also shed light on the properties of single
holes [133].
From the experimental side, scanning near-field microscopy has allowed exploring the
temporal decay behavior of SPPs excited by ultrashort laser pulses [134], and emissivity
far-field measurements have led to a deeper understanding of the scattering properties of
single defects and particle arrays [135]. However, very few works have analyzed the correla-
tion between the damping suffered by SPPs when traveling along metallic nanostructured
surfaces and the spectral features appearing in far-field emissivity spectra.
Kim et al. have recently shown that Rayleigh-like scattering lies at the origin of the
damping experienced by SPPs in perforated hole arrays. They observed that the linewidth
of the peaks in the emission spectra associated to SPP modes in such systems scales as λ4
(where λ denotes the impinging wavelength) [108]. Motivated by these experiments, Mu¨ller
et al. performed fully three-dimensional (3D) simulations on ultrafast light propagation
through periodic nanohole arrays. They found that, for a given excitation wavelength,
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lifetimes associated to radiative damping are proportional to the fourth power of the hole
diameter for apertures much smaller than λ [136]. Rayleigh scattering of SPPs has been
also verified in thin films perforated with chains of nanoholes much smaller than the
excitation wavelength [137]. The limitations of the Rayleigh description of the scattering
of SPPs by nanoholes have also been tested experimentally. Li et al. [138] have reported
that the SPP lifetimes in holes of dimensions comparable to the wavelength follows a λn
behavior, where n is enlarged with increasing hole radius from the Rayleigh scattering
regime. This observation clearly indicates that higher multipolar modes are contributing
to the nanoholes EM response.
In this work, we study the λ-dependent SPP lifetimes on gold surfaces structured
with 2D periodic arrays of blind holes. These are determined from the linewidths of the
reflectivity drops observed in the far-field spectra for such structures. Both experiments
and calculations demonstrate a strong dependence on the hole radius, R, and depth, h.
We show that, for a given hole geometry, lifetimes exhibit a λn dependence, where the
exponent n is close to 4 for wavelengths much larger than the hole dimensions, but is
much larger than 4 at shorter wavelengths. On the other hand, at a constant λ, lifetimes
for shallow holes feature little dependence on the radius, recovering the Rayleigh’s R−4
dependence reported for deeper holes. By means of a simple model based on the Mie
theory for spherical particles we discuss the validity of the Rayleigh approximation for
SPP scattering at holes. Finally, we show that the lifetime behavior in such structures can
be understood in terms of the scattering of SPPs at a single hole. In this picture, the rest
of the hole array simply acts as a coupler which converts efficiently the incoming radiation
into surface waves. Therefore, we can conclude that the far-field experimental technique
presented here gives us access to the near-field features of the scattering between SPPs
and single nanometric holes.
5.1.2 Results and discussion
The experimental 2D nanohole arrays were fabricated by interference lithography on SU-8
negative photoresist layers [138, 139], in which two parameters were used to control the
holes geometry: the layer thickness and the exposure time. By changing the thickness of
SU-8 photoresist layers, we are able to adjust the hole depth, while varying exposure time
controls the hole radius. Once the hole layer structures were built, a 100 nm thick Au film
was deposited at room temperature on the photoresist by a radio frequency sputtering.
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We fixed the array period to 762 nm while varying the hole radius from 38 to 177 nm.
Nanoholes with depths ranging from 60 nm to 510 nm were fabricated. Angle-dependent
reflectivity measurements were performed by using a home-made automated goniometer.
Samples were illuminated by a collimated and linearly polarized white light and the specu-
lar reflection was captured by silicon charge-coupled device based detection. Figure 5.1(a)
shows top and lateral (see inset) scanning electron microscopy (SEM) images of the expe-
rimental 2D nanohole arrays under study. Figure 5.1(c) shows the measured reflectivity
spectra at four different angles, θ, for a hole array with R = 177 nm and h = 300 nm. We
restrict our analysis to the wavelength range in which only the lowest (-1, 0) SPP mode
supported by the structure can be excited. As expected, the spectra show reflection dips
which are red-shifted with increasing θ, a clear indication of the excitation of SPPs in the
nanostructured gold surface through grating-coupling [1].
Figure 5.1: (a) Top and lateral (inset) SEM images of the experimental sample with
R = 177 nm and h = 300 nm. (b) Schematic view of the unit cell considered in the
simulations and definition of the different geometric parameters of the structure. Grey
(blue) regions correspond to the gold coating (photoresist layer). (c) Measured specular
reflectivity spectra for R = 177 nm and h = 300 nm and four different incident angles.
(d) Simulated reflection versus wavelength for the geometries considered in panel (c).
We have performed extensive FIT (finite integration technique) simulations on the
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experimental structures described above. The unit cell considered in the calculations is
shown in panel (b) of Fig. 5.1. Specular reflectivity under TM polarization is calculated
for the four incident angles considered in the experiments. In our simulations, we have
modeled the dielectric response of gold through a Drude-like dielectric function with para-
meters described in Chapter 2. We have characterized the photoresist layer with ǫ = 2.43.
Fig. 5.1(d) plots the spectra obtained, which are in good agreement with the experimental
data. Note that reflection drops in both panels become narrower for larger incident angles,
which reveals the spectral sharpening of the SPP resonance with increasing wavelength.
To study the dependence of SPP resonances on λ, we have determined the full width
at half maximum (FWHM) of the reflection dips obtained from both experiments and
simulations. This enables us to calculate the SPP lifetimes through the simple relation
τSP = h¯/Γ (where τSP is the SPP lifetime and Γ, the FWHM of the dip in energy units).
We have fitted the spectra shown in Fig. 5.1 to a Fano line shape function [140, 141] of
the form
y = y0 +
A(E−EresΓ/2 + q)
2
1 + (E−EresΓ/2 )
2
, (5.1)
where E and Eres are the incoming and resonant energies, respectively, and y0 is the offset
function, which takes into account the reflection background. Coefficient A describes the
contribution of the zero-order continuum state coupled to the discrete resonant spectrum,
and q is the so-called Breit-Wigner-Fano coupling parameter.
Figure 5.2 plots the Fano-fitted lifetimes versus λ for two arrays of 300 nm deep holes
with R = 90 nm (a) and R = 177 nm (b). As mentioned above, experiments and simu-
lations show that, for a given geometry, SPP lifetimes increase with larger wavelength.
Note that in both panels, theory predicts larger lifetimes than those found in the experi-
ments. This can be linked to the presence of defects and imperfections in the experimental
samples, which scatter SPP waves out of the gold surface, reducing measured τSP. We
analyze the dependence of SPP lifetimes on λ by fitting the two sets of experimental and
theoretical results shown in Fig. 5.2 to the expression
τSP ∝ λn. (5.2)
Fitted curves obtained for measured (simulated) data are plotted in black (red) in the
figure. In panel (a), R = 90 nm, the fitting parameter n for both experiment and theory
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is around 4. This result agrees with previous studies and indicates that τSP is governed
by Rayleigh-like scattering of SPPs at the holes [108]. However, for holes with R = 177
nm, n increases to 7.9 in the wavelength range of experimental detection [see panel (b)].
This implies that the SPP damping mechanism in this case is different and can not be
accurately described by the Rayleigh approximation. We have performed FIT simulations
which confirm this behavior and predict the recovering of n ≃ 4 when extending the
spectral range to larger wavelengths.
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Figure 5.2: Theoretical and experimental SPP lifetimes versus wavelength in log-log scale
for hole arrays of depth h = 300 nm and two different radii: 90 nm (a) and 177 nm (b).
Solid lines plot fittings of the form τSP ∝ λn. Fitted values for the exponent n are also
shown.
To gain physical insight into the complex behavior of τSP described above, we rely on a
simple model which identifies two different contributions to the SPP damping in structured
surfaces [136]. On the one hand, SPPs suffer losses due to intrinsic metal absorption. On
the other hand, the scattering at the hole defects also leads to the decay of EM fields
associated to SPPs. We can introduce characteristic lifetimes for these two damping
effects: τabs (intrinsic absorption) and τscat (scattering losses). Thus, SPP lifetimes can
be expressed in terms of these two contributions as
1
τSP
=
1
τabs
+
1
τscat
. (5.3)
We can estimate the dependence of τabs on the wavelength through the SPP propaga-
tion length δSPP in flat metallic surfaces,
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δSPP ≈ λ(ǫ
′
m)
2
2πǫ′′m
, (5.4)
which is found from the imaginary part of the SPP wavevector [142], where ǫm = ǫ
′
m+ iǫ
′′
m
is the metal dielectric function. Taking the Drude-like permittivity as follows,
ǫm = 1−
ω2p
ω(ω + iγ)
(5.5)
ǫ
′
m ≈ 1−
( λ
λp
)2
≈ −
( λ
λp
)2
(5.6)
ǫ
′′
m ≈ λ(
γ
2πc
)
( λ
λp
)2
, (5.7)
we have that τabs ∝ λ2 within the wavelength range considered in the experiments. Si-
milarly, the behavior of τscat will be controlled by the scattering decay length δscat. By
imposing energy conservation at the scattering process between SPPs and a single hole
(isolated from the rest of the array) we find the relation σh/P + e
−P/δscat = 1 (where σh
is the hole cross section and P the array period). Assuming that only a small part of the
EM energy carried by the incoming SPPs is lost in each of these scattering events, we find
that δscat ≃ P 2/σh and, hence, τscat ∝ σ−1h . We can anticipate that this term is going to
govern τSP in Eq. (5.3), as SPPs interact with many holes before being absorbed, and
therefore, τscat << τabs in our experimental samples.
We model the cross section of the perforated holes by borrowing the Mie scattering
theory for freestanding spherical particles as shown in Eq. 21 [35]. By including only
quadrupolar corrections to the Rayleigh quasi-static value (see Eq. 20), we can write [143]
α = 4πa3
ǫm − 1
ǫm + 2
[
1− 0.6ǫm − 2
ǫm + 2
(2πa
λ
)2]
, (5.8)
where a is the particle radius. Note that, in the frequency range of interest, |ǫm| >> 2
and therefore, the dependence of the scatterer polarizability on λ is explicitly shown by
the expressions above. We transfer this theoretical framework to blind holes by introdu-
cing a phenomenological parameter ac =
3
√
(3/4)R2h, which corresponds to the radius of
spherical particles of the same volume as cylindrical holes of radius R and depth h.
The simple approach described above reproduces the behavior of SPP lifetimes shown
in Fig. 5.2. For R = 90 nm, 2πac = 770 nm is much smaller than the wavelength range
spanned in panel (a). Thus, the Rayleigh approximation, which yields τSP ≃ τscat ∝ λ4,
describes accurately the tendency extracted from the experimental and simulated data
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Figure 5.3: Exponent n as a function of R obtained by fitting experimental SPP lifetimes
at wavelengths between 800 and 1100 nm. Structures with four different hole depths are
shown.
(n ≃ 4). However, for R = 177 nm, 2πac = 1200 nm, which means that higher order
corrections to σh play a relevant role. In this case, our model predicts the appearance
of a λ8 contribution in τSP, which increases with decreasing λ. This result agrees with
the fitted values obtained for Fig. 5.2(b), which give n ≃ 4 (n ≃ 8) at large (small)
wavelengths.
In order to further explore how the hole geometry affects SPP lifetimes, we have studied
experimentally the variation of the fitting exponent n in Eq. (5.2) with the hole radius
and depth. Figure 5.3 plots n versus R for four different hole depths. Notice that the
fitting procedure leading to the results shown in the figure has been carried out for the
spectral range between 800 and 1100 nm. We can see that in the case of shallow holes
(h = 60, 120 nm) n is around 4 for all the radii analyzed. This evidences that Rayleigh-like
scattering governs SPP lifetimes, which is consistent with the fact that 2πac < λ for these
two sets of geometric parameters. However, when deeper holes are considered (h = 300,
510 nm), n deviates from 4 as R increases. Again, this effect can be linked to the presence
of higher multipolar contributions to the holes cross section. Note that the highest value
for n found in the experiments is close to 8, which agrees with the λ8 dependence that our
model yields for quadrupolar corrections to τscat.
Up to here, we have focused on describing the dependence of Eq. (5.2) on the radius
and depth of the perforated holes. However, we have not yet examined how SPP lifetimes
are modified at a constant wavelength by the hole geometry. Recent experimental [108]
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and theoretical [136] studies have reported an R−4 dependence of τSP in subwavelength
hole arrays. In all these works, SPP lifetimes were investigated through the transmission
properties of perforated metallic films. Our theoretical model gives σh ∝ R4h2 within the
Rayleigh approximation, which agrees with these previous observations. However, it is
worth analyzing if the same dependence holds in our reflection configuration.
Figure 5.4(a) renders experimental and simulated SPP lifetimes as a function of the
hole radius (h = 300 nm) at three different wavelengths. Black dotted line plots the R−4
behavior predicted by Rayleigh scattering. We can see that this theoretical result is only
valid for R > 150 nm within the radius range considered in the figure. Note that the little
deviation from this prediction displayed by measured SPP lifetimes at R > 150 nm can be
linked to irregularities in the experimental hole radii. The apparent failure of the Rayleigh
approximation observed in Fig. 5.4(a) at smaller R, where it should be very accurate,
indicates that the main contribution to SPP lifetimes in Eq. (5.2) is not given by τscat
but by τabs. This can be understood as a result of the small interaction of SPPs traveling
on the metal surface with deeply subwavelength holes. This increases the characteristic
scattering lifetime which become comparable to that associated to absorption losses at
the flat regions of the structure. Importantly, τabs in our model is independent of the hole
geometry. Thus, from Fig. 5.4(a) we can infer that for R < 80 nm, absorption losses
control SPP lifetimes, which translates into the fact that they become independent of the
size of the holes perforated on the metal surface.
We test our conclusion about absorption effects in SPP lifetimes for deep subwavelength
holes by studying their behavior for different hole depths. In Fig. 5.4(b), we have plotted
τSP versus R at λ = 875 nm for three different hole depths. As expected, for shallow holes
(h = 60, 120 nm) SPP lifetimes are almost independent of the hole radius. However, when
the hole depth increases, τscat is reduced and acquires the main role in Eq. (5.2). This
makes SPP lifetimes recover their dependence on the hole radius, as clearly shown by the
experimental data for h = 300 nm.
We check the validity of our simple model (based on the Mie theory for spherical
particles) for describing the scattering properties of nanoholes. For this purpose, we have
performed FDTD simulations on the scattering of SPPs at a single cylindrical hole on
a gold surface [see inset of Fig. 5.5(a)]. We introduce here the emissivity Jz, which
corresponds to the out-of-plane EM power flowing through the hole area normalized to
the EM energy impinging on it. Figure 5.5(a) shows Jz versus wavelength for four different
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Figure 5.4: (a) Experimental and simulated SPP lifetimes as a function of the hole radius
at three different wavelengths and for h = 300 nm. Black dotted line plots the R−4
dependence predicted by Rayleigh approximation. (b) Experimental SPP lifetimes at
λ = 875 nm versus R for three different hole depths.
hole geometries. The hole dimensions are labeled as (R,h), where R and h stand for the
hole radius and depth, respectively, in nm. For comparison, we have also plotted in
black solid line the λ−4 dependence yielded by the Rayleigh approximation for spherical
particles. For all the structures, Jz, which governs the scattering cross section of the holes,
is proportional to λ−4 only at long wavelengths. For decreasing λ, Jz grows faster than
Rayleigh’s prediction, being the spectral position at which this deviation occurs shifted to
shorter λ for smaller holes. This behavior is consistent with our model, in which multipolar
contributions in σh become more important as the effective radius ac increases. Note that
at a constant wavelength a reduction on h or R translates into that Jz approaches to the
λ−4 dependence.
In order to verify that the failure of the Rayleigh approximation for single holes is due
to the excitation of higher multipolar modes in the scattering process, we render in the
right panels of Fig. 5.5 the electric field amplitude, |E|, at different planes of the structure
with h = 300 nm. Panels (b) and (e) are evaluated at λ = 1150 nm for a hole radius of
177 nm. As expected, for this set of parameters, the field pattern has a strong dipolar
character. However, |E| in panels (c) and (f), which corresponds to the same geometry
but at λ = 700 nm, evidence the appearance of a quadrupolar mode at the hole opening,
which explains why Rayleigh theory is not valid in this case. Note that fields in panel
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Figure 5.5: (a) Wavelength dependence of the normalized out-of-plane emissivity, Jz for
four different hole geometries labeled by (R,h), the hole radius and depth in nm. Black
solid line plots the Rayleigh’s λ−4 behavior. Low panels render the electric field amplitude
|E| at different planes for h = 300 nm. Panels (b) and (e) shows |E| for holes with R = 177
nm at λ = 1150 nm. Panels (c) and (f) correspond to the same structure at λ = 700 nm.
Panels (d) and (g) are evaluated at λ = 700 nm for holes with R = 90 nm.
(f) penetrate into the hole, which indicates that it supports propagating modes at this
wavelength. Finally, panels (d) and (f) render the electric field amplitude for λ = 700 nm
and R = 90 nm. These demonstrate that the recovery of Rayleigh scattering in the system
is linked to the presence of a strongly dipolar field distribution at the hole. Note that in
this case fields do not explore the depth of the hole, as the theoretical cut-off wavelength
for this radius (490 nm) is much smaller than λ [144].
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5.2 Refractive index sensing by surface plasmon resonances
5.2.1 Introduction
Metallic nanoparticles and array structures, which include nanoprisms [145], nanoholes or
nanowells [146, 147], nanowires [148, 149] and multiscale patterning hole arrays [150], etc,
have been studied both theoretically and experimentally. In these studies, the spectral
sensitivity (S) is defined as the ratio of the shift of resonance wavelength to the change of
the nearby refractive index (∆λ/∆n in nm/RIU or in eV/RIU). The spectral resolution
is defined by the linewidth, or the full-width-at-half-maximum (FWHM in nm or in eV),
of the resonance peak or dip. As a result, the figure of merit (FOM), which is defined as
S/FWHM, is used to estimate the overall performance of such plasmonic biosensors [151].
Recently, Odom’s group has reported that grazing angle excitation (θ = 64◦) of Ag
nanopyramidal gratings shows the highest FOM (> 85) reported at optical frequencies
because of the extremely narrow SPP resonance (FWHM < 6 nm or 7eV) with a mo-
derate refractive index sensitivity (S = 410 nm/RIU) [152]. Since we have acquired a
good understanding of the geometric dependence of SPP lifetimes (inversely proportional
to FWHM) in two-dimensional nanohole gratings, it is worth examining their sensing be-
havior in a similar way. The significant difference is that our hole arrays are excited at
nearly normal incidence (θ = 3◦ and 10◦), which are expected to maximize the coupling
efficiency of the incident light to SPP modes and facilitate the practical applications.
5.2.2 Results and discussion
Our SPP lifetime studies have shown that hole arrays with small radii and shallow depths
exhibit long SPP lifetimes, i.e. narrow linewidths. Guided by this observation, we have
chosen a hole array of 60 nm depth, 54 nm radius and 640 nm period to investigate its
refractive index sensitivity both numerically (Fig. 5.6) and experimentally (Fig. 5.7).
Considering that the decay length of SPP modes in the dielectric material is typically
of the order of half the wavelength [56], in simulation, we fill the holes with different
dielectric materials and coat the surface with 520 nm thick dielectric layer to mimic the
case in experiment, in which water and isopropyl alcohol (IPA) solutions are deposited on
the arrays by a dropper.
As can be seen in Fig. 5.6, at a small angle of θ = 3◦, the (-1, 0) SPP mode shifts from
688 nm (n = 1) to 1010 nm (n = 1.5), whereas at a large angle of θ = 10◦, the mode shifts
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from 752 nm (n = 1) to 1079 nm (n = 1.5). Thus, different excitation angles produce
a similar slope of about 650 nm/RIU, which is very close to experiment (see Fig. 5.7).
In fact, this sensitivity is the largest shift expected for gratings with a period of 640 nm
because the spectral sensitivity of two-dimensional nanohole array SPR sensor strongly
depends on the period [153].
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Figure 5.6: Simulation: Reflection spectra of nanohole arrays filled and coated with 520
nm dielectric materials with different refractive index at θ = 3◦ (a) and θ = 10◦ (b). (c)
and (d) (-1, 0) SPP resonance indicated by blue arrows in (a) and (b) shifts as a function
of refractive index. The red lines are linear fittings to extract the slopes as refractive index
sensitivity. Also shown in (c) and (d) are the extracted sensitivity, average FWHM and
corresponding FOM.
We have also calculated the FOM values by measuring the FWHM of the resonances for
different n. At θ = 3◦, the average FWHM of the dips is 4.8 nm, and the FOM is calculated
to be 134 as shown in Fig. 5.6(c). At θ = 10◦, we obtain a smaller FWHM (4.2 nm) and
a higher FOM, 156, see Fig. 5.6(d). We have observed that experimental FOM values are
slightly smaller than calculated ones, which is probably due to the imperfection of samples
and uncertainty in measurements. However, the experimental FOM of 101 at θ = 10◦
shown in Fig. 5.7(d) is still much higher than other sensing modalities [147,150,152].
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Figure 5.7: Experiment: Reflection spectra measured on nanohole arrays without coatings
or with coatings of water and IPA at θ = 3o (a) and θ = 10o (b). (c) and (d) (-1, 0) SPP
resonance indicated by blue arrows in (a) and (b) shifts as a function of refractive index
with linear fittings to the measured data (red lines). Also shown in (c) and (d) are the
extracted sensitivity, average FWHM and corresponding FOM.
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5.3 Conclusion
In conclusion, we have studied through both experiments and simulations surface plasmon
polariton lifetimes on periodic arrays of blind holes on a gold surface. We have analyzed
their dependence on the wavelength and the hole geometry through reflectivity measure-
ments. We have developed a simple model based on the Mie scattering for freestanding
particles which reproduces all the phenomenology extracted from our observations. In
addition, we have checked that the conclusions that we raise from our model as regards
to the validity of the Rayleigh approximation are consistent with exact calculations on
the scattering of SPPs with single holes. Finally, based on the above findings, we have
selected an optimized hole geometry to examine its refractive index sensing properties
both numerically and experimentally. We have obtained the highest FOM up to 156 from
simulation and 101 in experiment.
Chapter 6
Revealing plasmonic gap modes in
a particle-film system
Polarization-controlled excitation of plasmonic modes in nanometric Au particle-film gaps
is investigated experimentally using single-particle dark-field spectroscopy. Two distinct
geometries are explored: nanospheres on top of and inserted in a thin gold film. Numerical
simulations reveal that the three resonances arising in the scattering spectra measured
from the former structure originate from highly confined gap modes at the particle-film
interface. These modes feature different azimuthal characteristics which are consistent
with recent theoretical transformation optics studies. On the other hand, the scattering
maxima in the latter case are linked to dipolar modes having different orientations and
damping rates. Finally, the radiation properties of the particle-film gap modes are studied
through the mapping of the scattered power within different solid angle ranges.
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6.1 Introduction
Surface plasmon excitations in metallic nanostructures are responsible for many fascina-
ting optical phenomena such as surface enhanced Raman scattering [8], photoluminescence
[154, 155] and fluorescence [12, 156] amplification, extraordinary transmission [122, 157],
and superlensing effects [10, 123]. Localized surface plasmon modes in either individual
nanoparticles, particle dimers or clusters are of particular interest because their opti-
cal properties can be readily designed and easily controlled over a wide spectral range.
This can be achieved by tailoring particle shape and size [34] and the intra and inter-
particle distances [73, 158–160] on the nanoscale. Lately, it has been demonstrated that
the exploitation of Fano resonances [161] in simple nanoparticle compounds makes the ope-
ning of a narrow frequency window possible, in which the interaction of these structures
with radiation is strongly inhibited [162, 163]. On the other hand, more recent theoreti-
cal studies have predicted that metal nanostructures with geometric singularities show a
broadband behaviour, collecting and concentrating light efficiently over the whole visible
regime [59–61,164].
Localized plasmon resonances are highly sensitive to their surrounding environment,
which makes them very suitable for biosensing purposes [11]. Thus, the nearby presence
of a thin conducting film, for instance, modifies strongly the optical response of metal
nanoparticles [165]. During the last decade, many theoretical [166–169] and experimen-
tal [170–174] works have been devoted to the analysis of plasmon coupling in particle-film
geometries. These studies were inspired by the analogy between this problem and the
strong interaction of fluorescent molecules with neighboring metal surfaces [175]. Two
elegant theoretical tools have provided physical insight into the occurrence of plasmonic
effects in these systems: plasmon hybridization [166] and transformation optics [176].
From the experimental side, surface-plasmon-assisted dipole-dipole interactions taking
place between individual nanoparticles and metal surfaces have been thoroughly investi-
gated [170,171], and great efforts have been made to measure the effect of the particle-film
separation on the spectral position of plasmon resonances [174, 177–179]. However, there
is very little knowledge about the transition of these plasmonic modes with the excitation
polarization [173] or their directional radiation properties.
The optical response of nanoparticles inserted into a metal film is qualitatively different
from their gapped counterparts. The contact between particle and substrate opens a
6.2 Resonances in two different particle-film systems 123
charge transfer channel that modifies drastically the plasmonic properties of the system.
Although this geometry has been theoretically studied in the context of surface enhanced
Raman scattering [62,180,181], very few experimental realizations of such nanostructures
have been made so far. Moreover, partly embedded nanoparticles also serve as a defect,
coupling efficiently free space radiation to propagating surface plasmons [128, 182–184].
Thus, such a geometry becomes the ideal scenario for the analysis of the direct interaction
between localized plasmon resonances sustained by metal nanoparticles and the surface
plasmon polaritons supported by metallic films.
In this chapter, we demonstrate polarization-controlled excitation of plasmonic modes
in self-assembled individual Au nanospheres on top of and inserted into a thin gold film.
Single-particle dark-field spectra obtained from the former geometry feature three different
scattering peaks whose relative intensity is strongly dependent on the incident polariza-
tion. Full-wave numerical simulations reveal that these resonances originate from tightly
confined gap modes having different azimuthal characteristics, which are consistent with
recent transformation optics studies. Similar measurements on the latter structure show
two scattering maxima which are linked to dipolar plasmonic modes having distinct orien-
tations with respect to the film surface. Finally, in order to gain further physical insight
into these gap plasmonic modes, their radiation properties are also investigated experi-
mentally.
6.2 Resonances in two different particle-film systems
The scattering measurements were carried out for individual Au nanospheres using dark-
field spectroscopy with a polarization-adjustable white-light (from a halogen bulb) illumi-
nation at an incident angle θ = 70◦ with respect to the normal to the sample surface (see
Fig. 6.1a). A 50x, NA 0.55, IR-corrected microscope objective was used to collect the
scattered light. Full-wave electromagnetic simulations based on the finite element method
(COMSOL Multiphysics) were performed for the experimental sample geometries and at
conditions similar to the measurements. In order to study the scattering properties of the
gold nanospheres, we model the illumination as the incident plane wave plus the Fresnel
waves reflected by the bare substrate. This way, the field components scattered by the
nanoparticle itself were isolated from the contribution coming from the gold film [185].
Figure 6.1b shows the simulation model used to isolate the fields scattered by the na-
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noparticle. This allows the integration of the power re-irradiated by the nanospheres at
different direction angles, ϕ, within a solid angle range defined by the numerical aperture
of the microscope objective. The experimental Au particles were grown via self-assembly
on the substrate film by depositing a thin layer (45 nm)of Au on top of a rough seed
layer of 45 nm vanadium dioxide. The nanoparticles are either partially embedded into or
standing on top of the film, as shown by the scanning electron microscopy (SEM) images
in Fig. 6.1c-g. Note that standing particles were always found in the vicinity of a hole
in the film, as illustrated in panel c. This indicates that they were originated by the dis-
lodgement of embedded nanoparticles, like the one displayed in panel f. The mechanisms
leading to the formation of the extremely-smooth nanospheres studied here is still under
investigation, but it is likely to be related to the film agglomeration caused by the surface
tension Fig. [186,187] between the seed and gold layers.
Figure 6.1: Schematics of the polarized side-illumination dark-field setup (a), and the
simulation model (b) mimicking the experimental conditions. (c) SEM image of a dislodged
Au nanoparticles and its corresponding hole. Oblique (d&f) and top (e&g) view SEM
images for nanospheres of 230 nm (d&e) and 380 nm (f&g) diameter. Note the flat
intersection region (shadow area) in (f).
Figure 6.2 renders the scattering spectra measured from standing (a) and embedded
(b) nanospheres under different polarizations, along with true-color dark-field images ta-
ken from the two structures at different incident polarizations. As it can be seen from
Fig. 6.2a, 155 nm diameter standing particles present three scattering maxima within
the frequency range under study. The height of the most intense (central) peak decreases
when the incident plane wave is varied from p-polarization (90◦, electric field in the plane
6.2 Resonances in two different particle-film systems 125
of incidence) to s-polarization (0◦, electric field parallel to the film surface). Note that
the scattering amplitude of the two side peaks is also strongly dependent on the incoming
polarization: the lower (larger) wavelength scattering maximum is more efficiently excited
by s (p) polarized light. These features are perfectly reproduced by the numerical calcula-
tions displayed in Fig. 6.3a. In accordance with the experimental values, the nanosphere
diameter and film thickness in the simulations are set to 200 and 50 nm, respectively. The
particle-film separation was adjusted to optimize the comparison with measured spectra.
An excellent agreement between simulations and experiments is obtained for 2 nm sepa-
ration (50 nm penetration) in the standing (embedded) configuration. The inclusion of
a small separation in the model for the standing geometry seem to indicate the presence
of a nanoparticle-film gap in the experimental sample. The formation of this gap can be
linked to the large roughness of the Au film (see Fig. 6.1), which prevents the full contact
between particle and substrate. The validity of the model is supported by Fig. 6.3a, which
reproduces the scattering peaks sensitivity to polarization effects observed in Fig. 6.2a.
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Figure 6.2: Polarization-dependent scattering spectra and true-colour dark-field images
for a 155 nm diameter Au sphere standing on top of the Au film (a), and a 218 nm
diameter sphere partly embedded into it (b). In both panels, spectra obtained under
different incident polarizations are shown. The scale bar in the SEM images is 150 nm.
Figure 6.2b and Fig. 6.3b present the measured and simulated scattering spectra,
respectively, for the second geometry: a 218 nm diameter sphere partly embedded into
the Au film. Both panels show the spectral transition from a broad long wavelength to a
narrow short wavelength resonance as the incident polarization is varied from 90◦ to 0◦.
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The different linewidth featured by these two resonances is linked to their distinct dipole
moment strength and hence, radiation damping rate. The dipolar character of these two
resonances is discussed in detail below. Under 0◦ excitation (s-polarization), the dipole
moment induced in the nanosphere is oriented parallel to the film surface. Charge transfer
effects in such configuration are strongly inhibited, and the particle-film interaction is
expected to be weak. This explains the narrow linewidth of this scattering peak, which
resembles the sharp character of dipole resonances in isolated nanoparticles. On the other
hand, 90◦ illumination (p-polarization) gives rise to a dipole moment normal to the film
surface in the nanosphere. The formation of this resonance involves not only induced
charges at the nanoparticle, but also the sea of conduction electrons at the film substrate.
This fact leads to a larger dipole strength and faster radiation damping rate. This explains
why the long wavelength maxima in Fig. 6.2b and Fig. 6.3b are broader than their short
wavelength counterparts. Note that, contrary to simulation results, the experimental long
wavelength resonance is not completely suppressed under s-polarization. This can be
attributed to the presence of asymmetries and defects at the particle-film intersection in
the experimental sample. These also explain the spectral broadening of the measured
resonances with respect to the simulated ones, as the theoretical model does not account
for such geometric imperfections.
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Figure 6.3: Simulated polarization-dependent scattering cross-section for a 200 nm diame-
ter Au sphere interacting with a 50 nm Au film. Two different geometries are considered:
(a) the sphere is placed 2 nm above the film surface, (b) the sphere penetrates 50 nm
into the substrate. The inset of panel (a) plots the absorption cross-section of the gapped
structure for 0◦ and 90◦ polarizations.
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6.3 Near-field distribution revealing the origin of the modes
In order to further understand the plasmonic modes responsible for the scattering peaks
observed in the experimental and simulated spectra, the electric field distribution for the
different particle-film resonances extracted from simulations is displayed in Fig. 6.4. The
modes are labelled following the notation in Fig. 6.3. The first three columns display the
electric field amplitude, |E|, (top panels) and its z-component, Ez, (bottom panels) for the
2 nm gap geometry. The amplitude plots show that the electric field is strongly localized
at the gap of the structure for these three resonances. Note that |E| for peak 1 (3) presents
two lateral (vertical) lobes, which indicate the parallel (normal) orientation of the dipolar
plasmonic mode excited in the nanoparticle at the short (long) wavelength resonance.
The field distribution for the central peak (2) spreads over the lateral dimension, and
extends into the gap, which demonstrates the hybrid nature of the underlying plasmonic
mode. The complex field pattern featured by this mode enables it to couple efficiently to
any incoming polarization, which explains the presence of the associated peak in all the
spectra shown in Fig. 6.2a and Fig. 6.3a.
The Ez panels for modes 1-3 in Fig. 6.4 show that each resonance presents a well
defined number of field maxima at the particle-film gap. This is clearly observed in Fig.
6.5, which displays linear plots of the normal component of the electric field as a function
of θ (see inset for definition) along the nanosphere surface. Whereas modes 2 and 3 exhibit
a single field maximum at the gap, two maxima develop for the shorter wavelength mode.
Moreover, note that the phase of Ez at θ = 0
◦ for mode 1 is the opposite to the other two
modes. These observations, together with the antisymmetric profile of the parallel electric
field shown in the inset of Fig. 6.5, are in excellent agreement with previous theoretical
predictions on a nanowire-plate geometry [176] based on transformation optics. This
work demonstrates that each gap mode has a different azimuthal angular momentum,
characterized by the number n of spatial periods covered by the electric fields along the
surface of the two-dimensional particle. Transferring this picture to our three-dimensional
structure, we can conclude that modes 2 and 3 in Fig. 6.4 originate from gap modes with
n = 1, whereas mode 1 is linked to an n = 2 angular momentum.
Figure 6.3a and panels (1-3) of Fig. 6.4 indicate that care must be taken when relating
the intensity of scattering maxima with the excitation efficiency of plasmonic resonances
in the gapped structure. Note that although the scattering spectra seem to indicate that
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Figure 6.4: Total amplitude and dominant component of the electric field for the two
systems under study. The electric field plots are evaluated at the different resonances
labelled in Fig. 6.3. In the upper panels, bright (dark) areas correspond to maximum
(minimum) amplitude. In the lower panels, colours code the field componen from negative
(blue) to positive (red) maximum values.
mode 2 is more efficiently excited than modes 1 and 3 under p-polarization, the absorp-
tion cross-sections plotted in the inset of Fig. 6.3a proves the contrary. This apparent
contradiction results from the strong interaction between the nanoparticle localized plas-
mon mode and the propagating surface plasmon polaritons supported by the Au film at
these two resonances. The lower panels in Fig. 6.4 demonstrate that the resonating par-
ticle at modes 1 and 3 yields strong Ez gap fields. These intense normal electric fields
allow the nanosphere to couple efficiently the incoming light to surface plasmon polaritons
confined at the Au film [128,183,184]. These propagate away from the particle within the
substrate plane, decaying due to absorption effects and experiencing very little radiation
damping. This clarifies why these two plasmon modes give rise to strong absorption but
weak scattering maxima for 90◦ polarization. The spectra in the inset of Fig. 6.3a also
support our description of modes 1 and 2 (3) as being related to a strong dipole moment
oriented parallel (normal) to the substrate surface. Note that whereas the former suffer
strong absorption damping, the latter is rather insensitive to it.
The last two columns in Fig. 6.4 depict the electric field distribution for the partly
embedded nanosphere. Both top and bottom panels show that strong dipole moments
with distinct orientations are induced in the structure at resonance. In agreement with
our previous discussion, these panels demonstrate that mode 4 (5) yields a strong lateral
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Figure 6.5: Normal component of the electric field evaluated along the nanosphere surface
for the three scattering resonances sustained by the gapped geometry. The angle θ is
defined as shown in the left inset. The right inset plots the y-component of the electric
field for the same conditions as the main panel.
(vertical) induced dipole momet at the nanoparticle. Note that whereas mode 4, which is
efficiently excited under s-polarization, leads to intense Ey fields, mode 5, which couples
only to p-polarized light, exhibits a strong Ez component. This offers a means to the
flexible tuning of field localization in this nanoparticle geometry through polarization.
6.4 Directional radiation properties of the plasmon reso-
nances
Up to here, we have focused our attention on analyzing the near-field features of the
plasmonic modes governing the scattering behaviour of the two nanostructures under
study. In the following, we investigate their radiation properties through the directional
probing of the scattered fields. In the experiment, this is achieved by displacing the
microscope objective along the sample (within the plane of incidence), as shown in Fig.
6.1a. In the simulations, this is equivalent to rotating the plane of integration for the
scattered Poynting vector, as illustrated in Fig. 6.1b. Figure 6.6a plots the measured
scattering spectra at different positions along the x-direction (see lower schematics) when
the nanoparticle is illuminated with s-polarized light. Note that the mode 1 is only
detectable when the microscope objective is placed very close to the particle centre (0 nm).
This differs from the simulated spectra plotted in Fig. 6.7a, where the scattering cross-
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section shows little dependence on the collection angle ϕ. This difference is due to the small
size of the Airy disk [174] of scattered light at short wavelengths, which leads to a significant
reduction in the measured scattered signal when the microscope is displaced from the
particle position. In contrast, mode 2 yields similar intensity peaks for all positions, which
is in a good agreement with calculations in Fig. 6.7a. The insensitivity of the scattered
power measured from mode 2 to variations in the detector position originates from the
strong dipole moment induced in the particle along y-direction (normal to the plane of
incidence) for this resonance. The far-field radiation pattern for such an electric dipole
moment features a doughnut like radiation pattern around the y-direction, yielding equal
radiation power along the positive and negative x-axis.
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Figure 6.6: Evolution of the scattering spectrum for the 155 nm diameter sphere on
top the Au film when the collection position is varied along x-axis (see lower panel for
definition). Panel (a) shows results for 0◦ illumination, whereas panel (b) corresponds to
90◦ polarization. To highlight the spectral evolution, an offset of 0.03 in (a) and 0.07 in
(b) were added to the experimental data. The scale bars in the bottom dark-field images
are 2 µm.
A richer physics is revealed by the evolution of the scattering spectra under p-polarized
light. Figure 6.6b and Fig. 6.7b render the measured and simulated scattering spectra,
respectively, for this case. The intensity of peak 2 decreases when the microscope objective
is displaced away from the particle center in the experiment, and when the integration
plane is rotated to large ϕ in the simulation. This demonstrates that the scattered radia-
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tion for this plasmonic mode concentrates along the vertical direction. On the other hand,
peak 3 features the opposite dependence on the detection position, showing an increase
of the scattered signal for farther measurements and calculations. This trend has been
already observed in similar geometries [174,179], and can be interpreted as a consequence
of the vertical dipolar character of the underlying plasmonic mode. The radiation profile
emerging from such a dipole moment presents a toroid like shape around the z-axis. This
results in a weak radiation power along the vertical direction which in turn, increases as
the collection direction deviates from the vertical.
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Figure 6.7: Simulated scattering spectra as a function of the collection angle, ϕ, for a 200
nm diameter sphere on top of an Au film. Panel (a) corresponds to 0◦ excitation and panel
(b) to 90◦. As in Fig. 6.6, each spectrum is displaced along the vertical axis for clarity.
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6.5 CONCLUSION
To conclude, complex plasmonic modes in individual nanospheres interacting with a metal
film have been investigated by single-particle dark-field spectroscopy and numerical simu-
lations reproducing the experimental conditions. The origin of the scattering peaks found
in measurements and calculations have been revealed by the electric field distributions
calculated at resonance. The gapped particle-film geometry supports several gap modes,
which can be associated with a well defined azimuthal angular momentum. Two localized
plasmonic modes have been reported for when the nanosphere partly inserted into the sub-
strate. Their origin resides in the formation of strong dipole moments either perpendicular
or parallel to the film surface. Finally, the radiation properties of the gap modes supported
by the former geometry have been studied both experimentally and theoretically, showing
that the radiation pattern emerging from the nanosphere is strongly dependent on the
incident polarization.
Chapter 7
Summary and Future Work
The work presented in this thesis ranges from the design of passive plasmonic lenses, high
figure of merit plasmonic biosensors and demonstration of active plasmonic modulators or
switches, to the development of plasmon resonance nanospectroscopy technique for stu-
dying effects of sizes and defects in phase transition materials and the use of spectroscopic
ellipsometry as an optical probe of strain evolution and electro-optic effect in ferroelectric
thin films.
In summary we have achieved the following results.
• We have designed three plasmonic lenses such as nanocrescents, kissing and over-
lapping nanowire dimers by using conformal transformation optics and studied their
broadband response, superfocusing behavior and radiative losses effect by numerical
simulations;
• We have demonstrated thermo-optical modulation of localized surface plasmon reso-
nances in hybrid Au::VO2 nanostructures through the cycling of the metal-insulator
phase transition of VO2;
• We have proved the feasibility of electro-optical modulation of localized plasmon
resonances in the system of Au nanodisks fabricated on a ferroelectric BSTO thin
film and carried out a proof-of-concept experiment to show the electro-optic effect
in the film;
• We have developed a plasmon-resonance-based nanospectroscopy technique for in-
vestigating the effects of sizes and defects in the metal-insulator phase transition of
VO2 at the single-particle level or even single-domain level;
133
134 Chapter 7 Summary and Future Work
• We have used spectroscopic ellipsometry as an optical probe to monitor the strain
evolution in ferroelectric BSTO thin films and established the relation between the
lattice strain and the film optical constants;
• We have studied the geometry dependence of surface plasmon lifetimes in two-
dimensional Au nanohole arrays and examined the refractive index sensitivity of
such nanohole-array-based sensors;
• We have numerically and experimentally studied the plasmonic resonances in a
particle-film system, including their polarization dependence, physical origin and
directional radiation properties.
Future work relative to this thesis will focus on the following aspects:
• numerical investigation of nonlocal effects (the invalidity of the bulk metal dielectric
permittivity at the nanoscale) and experimental realization of these singular plas-
monic nanostructures with broadband response and superfocusing effect for single-
molecule detection.
In a simple picture, nonlocal effects in metals arise from when the structure dimen-
sions, which provide the macroscopic length scale for the electromagnetic fields, are
comparable to the mean free path of the conduction electrons. Thus, electromagne-
tic fields travelling in such nanometric systems suffer from a new damping channel,
originated from the scattering of the conduction electrons with the boundaries of the
structure itself. In the future work, nonlocal dielectric functions will be incorpora-
ted into numerical calculations to re-evaluate the field enhancements and absorption
cross sections of these singular nanostructures.
Experimental efforts will focus on the investigation of broadband response or mul-
tiple resonance and superfocusing effect in different nanostructures, including na-
nosphere dimers and nanorod dimers, by single-particle dark-field microscopy or
confocal fluorescence microscopy. The distance between Au nanospheres will be ac-
curately controlled by the number of coating layers on Au colloids. The gap distance
between Au nanorods will be adjusted by the electron-beam exposure time and pre-
cisely characterized in an advanced high-resolution transmission electron microscopy
(TEM). This combination of high-resolution electron microscopy and single-particle
optical microscopy will allow for an in-site study of the optical properties of these na-
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nostructures. Numerical simulations will also be performed to predict the geometry-
and separation-dependence of the plasmonic response of these two configurations.
Once we have thoroughly understood how to control the optical properties of these
nanostructures by adjusting the nanoparticle separation, fluorescent or Raman mole-
cules will be introduced into the gap area of the nanowire dimers or into the coating
layers of the nanosphere dimers. It is well know that metal-enhanced fluorescence
(surface enhanced Raman scattering) depends on plasmonic enhancement at both
excitation and emission (Stokes) frequencies. Since the adjustment of the separation
between nanowires or nanospheres offers a flexible means to control the number of
plasmon resonances and tailor their frequency positions, these nanoparticle dimers
can be used as ideal candidates of double-resonance (or multiple-resonance) plasmon
substrates for metal-enhanced fluorescence and surface enhanced Raman scattering.
In addition, the superfocusing mechanism of electric field in the small gap area is
expected to further increase the spontaneous emission rate of fluorescent molecules
(governed by the Fermi’s golden rule) [12] or their surface enhanced Raman signals
(predicted by the electromagnetic enhancement factor) [8].
Once the fluorescent emission enhancement or Raman scattering signal improve-
ment from the ensemble molecules have been significantly optimized, the molecular
concentration could be largely reduced down to single-molecule level while keeping a
detectable fluorescent or Raman signal. Thus, these nanoparticle dimers can be used
as an ultimate platform with double functions (enhanced fluorescence and Raman
scattering) for single-molecule detection, identification and dynamic studies.
• experimental realization of electro-optical modulation of localized surface plasmon
resonances in Au nanodisks on BSTO and dynamic modulation of surface plasmon
mediated transmission through BSTO-based double-slit plasmonic interferometers.
The detailed plan for this future work has already been discussed in Chapter 4. The
initial results show that the optical transmission from the BSTO-based double-slit
interferometers is reduced or enhanced as a function of the wavelength of the incident
beam. The transmission intensity at a certain wavelength can be easily modulated by
increasing or decreasing the bias voltage applied through the interferometers. Since
the electro-optical modulation of the refractive index in paraelectric-phase BSTO
materials is in principle as fast as up to 100 GHz, the BSTO-based interferometers
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can be used as high-speed plasmonic modulators which are believed to be key compo-
nents with simultaneous electric and optical functions in chip-scale photonic circuits.
Detailed design and optimization protocals (in terms of the slit width, separation
and the film thicknesses) are stringently required to obtain the large modulation
depth and low power dissipation.
• the use of single-particle plasmon resonance spectroscopy in probing the Mott tran-
sition of VO2 at the nanoscale level and in the visible range.
The Mott transition is a metal-nonmetal transition in many condensed matter sys-
tems (such as transition metal oxides) that should conduct electricity under conven-
tional band theories, but are insulators when measured, particularly at low tem-
peratures. This effect is due to the strong correlation and competing interactions
between electrons, which results in the localization of electrons and preventing them
from conducting a current. In fact, the understanding of the emergence of metal-
lic transport in such correlated insulators or Mott insulators is one withstanding
challenge of contemporary condensed matter physics [20, 188]. For example, a tem-
perature change or chemical doping in some transition metal oxides (such as VO2)
induces anomalous conducting phases.
One of the microscopic characteristics of the Mott insulators is the coexistence of
insulating and conducting phases around the critical transition point (like the critical
transition temperature of VO2). In some particular systems, the multiple phases can
even coexist on the nanometer scale, which imposes severe difficulties in exploring the
dynamic properties of these individual electronic phases because the current methods
suitable to investigate charge dynamics are not able to offer the required spatial
resolution [20]. The other electronic characteristic of the Mott insulators is the
divergence of the dielectric function that signals the percolative nature of the metal-
to-insulator transition. Though recent studies using scanning near-field microscopy
combined with far-field infrared spectroscopy has revealed the Mott transition of
VO2 in the infrared range (less than 1000 cm
−1), no evidence has been observed for
the occurrence of this transition in the visible range due to the lack of appropriate
techniques.
Considering the plasmonic field decay length on the order of 10-20 nm and the
extremely high sensitivity of plasmon response (both plasmon resonance and scatte-
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ring intensity) to the change of the environment, single-particle plasmon resonance
spectroscopy could be an ideal tool with simultaneous nanoscale spatial resolution
and ultrasensitive spectroscopic characterization for studying the metal-to-insulator
transition (MIT) in the visible range. In fact, the temperature-dependent scattering
measurements performed for a Au colloid on VO2 film (results not shown in this
thesis) have shown that the scattering spectrum evolutes from a well-defined single
resonance to a widely broadened one when the external temperature approaches the
critical value. Multiple resonances appear on the spectrum around the critical tem-
perature, which implies that the Au colloid nanoparticle is sensing the coexisting
phases of VO2. On the other hand, the “rabbit ear” shape in the hysteresis of the
scattering scattering intensity at a certain wavelength (see Fig. 4.5 in Section 4.1)
probably evidences a sharp increase of the real part of the VO2 dielectric function. To
carry out a systematic study of MIT in VO2 using plasmon resonance spectroscopy,
Au nanoparticles with different dimensions (from 50 nm to 200 nm diameter) will
be fabricated on a VO2 film. Because the plasmonic field extension depends on the
nanoparticle dimension, the larger nanoparticle is supposed to be more sensitive to
the coexisting phases and the divergent behaviour of the film dielectric function, thus
leading to distinct spectroscopic fingerprints in the scattering spectrum. We believe
that this plasmon resonance spectroscopy sensing technique can be used to probe
a large variety of phase transition processes at the single-particle level, including
gas-liquid [189] and liquid-solid [190] transitions.
• investigation of the interface effect (electron injection from Au to VO2) in the metal-
insulator phase transition of hybrid Au::VO2 nanoparticles and maximization of the
modulation amplitude.
When Au and VO2 nanoparticles are hybridized, there is an unavoidable process of
electron injection from Au to VO2 due to the lower work function of the metal. This
process has a marked effect on the reduction in the phase transition temperature
of VO2 [191] and could strongly affect the local dielectric function of VO2, thereby
leading to a dramatic change in the plasmon resonance of these hybrid nanoparticles.
In addition, as pointed out in Chapter 4, we are currently exploring the optimal
conditions for making hybrid nanoparticles of different configurations. Extinction
measurements using FTIR (to ensure a good signal-to-noise ratio) and scattering
measurements using dark-field spectroscopy (to enable single-particle detection) will
138 Chapter 7 Summary and Future Work
be carried out for arrays of hybrid nanoparticles and for individual nanoparticles,
respectively.
• understanding of the period (or interhole distance) dependence of surface plasmon
lifetimes due to the interactions of surface plasmon modes between neighboring holes
in 2D nanohole arrays. On the other hand, since the light-SPP coupling efficiency
in 2D nanohole arrays determines the spectral contrast of a SPR biosensor made of
periodic hole arrays and thus affects its response limit to the local environmental
change, a systematic study of geometry-dependent coupling efficiency is required.
Numerical results for such periodic hole arrays will be understood in terms of the
coupling and scattering of SPPs at a single hole.
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